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Network Functions and Facilities 

N. A. Renzetti 

Office of Tracking and Data Acquisition 


The objectives, functions, and organization of the Deep Space Network are 
summarized: deep space station, ground communication, and network operations control 
capabilities are described , 


The Deep Space Network was established by the National 
Aeronautics and Space Administration (NASA) Office of 
Space Tracking and Data Systems and is under the system 
management and technical direction of the Jet Propulsion 
Laboratory (JPL). The network is designed for two-way 
communications with unmanned spacecraft traveling approxi- 
mately 16,000 km (10,000 miles) from Earth to the farthest 
planets and to the edge of our solar system. It has provided 
tracking and data acquisition support for the following NASA 
deep space exploration projects: Ranger, Surveyor, Mariner 
Venus 1962, Mariner Mars 1964, Mariner Venus 1967, Mariner 
Mars 1969, Mariner Mars 1971, and Mariner Venus-Mercury 
1973, for which JPL has been responsible for the project 
management, the development of the spacecraft, and the 
conduct of mission operations; Lunar Orbiter, for which the 
Langley Research Center carried out the project management, 
spacecraft development, and conduct of mission operations; 
Pioneer, for which Ames Research Center carried out the 
project management, spacecraft development, and conduct of 
mission operations; and Apollo, for which the Lyndon B. 
Johnson Space Center was the project center and the Deep 
Space Network supplemented the Manned Space Flight Net- 
work, which was managed by the Goddard Space Flight 
Center. The network is currently providing tracking and data 
acquisition support for Helios, a joint U.S./West German 
project; Viking, for which Langley Research Center provided 
the Lander spacecraft and project management until May, 


1978, at which time project management and mission opera- 
tions were transferred to JPL, and for which JPL provided the 
Orbiter spacecraft; Voyager, for which JPL provides project 
management, spacecraft development, and is conducting 
mission operations; and Pioneers, for which the Ames 
Research Center provides project management, spacecraft 
development, and conduct of mission operations. The network 
is adding new capability to meet the requirements of the 
Galileo mission to Jupiter, for which JPL is providing the 
Orbiter spacecraft, and the Ames Research Center the 
probe. In addition, JPL will carry out the project management 
and the conduct of mission operations. 

The Deep Space Network (DSN) is one of two NASA 
networks. The other, the Spaceflight Tracking and Data 
Network (STDN), is under the system management and 
technical direction of the Goddard Space Flight Center 
(GSFC). Its function is to support manned and unmanned 
Earth-orbiting satellites. The Deep Space Network supports 
lunar, planetary, and interplanetary flight projects. 

From its inception, NASA has had the objective of 
conducting scientific investigations throughout the solar sys- 
tem. It was recognized that in order to meet this objective, 
significant supporting research and advanced technology devel- 
opment must be conducted in order to provide deep space 
telecommunications for science data return in a cost effective 
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manner. Therefore, the Network is continually evolved to keep 
pace with the state of the art of telecommunications and data 
handling. It was also recognized eail> that close coordination 
would be needed between the requirements of the flight 
projects for data return and the capabilities needed in the 
Network. This close collaboration was effected by the appoint* 
merit of a Tracking and Data Systems Manager as part of the 
llight project team from the initiation of the project to the 
end of the mission. By this process, requirements were 
identified early enough to provide funding and implement;*.' 
iion in time for use by the flight project in its flight phase. 

As of July 1972, NASA undertook a change in the interface 
between the Network and the flight projects. Prior to that 
time, since 1 January 1964, in addition to consisting of the 
Deep Space Stations and the Ground Communications 
Facility, the Network had also included the mission control 
and computing facilities and provided the equipment in the 
mission support areas for the conduct of mission operations. 
The latter facilities were housed in a building at JPL known as 
the Space Flight Operations Facility (SFOF). The interface 
change was to accommodate a hardware interface between the 
support of the network operations control functions and those 
of the mission control and computing functions. This resulted 
in the flight projects assuming the cognizance of the large 
general-purpose digital computers wliich were used for both 
network processing and mission data processing. They also 
assumed cognizance of all of the equipment in the flight 
operations facility for display and communications necessary 
for the conduct of mission operations. The Network then 
undertook the development of hardware and computer soft- 
ware necessary to do its network operations control and 
monitor functions in separate computers. A characteristic of 
the new interface is that the Network provides direct data flow 
to and from the stations; namely, metric data, science and 
engineering telemetry, and such network monitor data as are 
useful to the flight project. This is done via appropriate ground 
communication equipment to mission operations centers, 
wherever they may be. 

The principal deliverables to the users of the Network are 
carried out by data system configurations as follows: 

(1) The DSN Tracking System generates radiometric data, 
i.e., angles, one- and two-way doppler and range, and 
transmits raw data to Mission Control. 

(2) The DSN Telemetry System receives, decodes, records, 
and retransmits engineering and scientific data gener- 
ated in the spacecraft to Mission Control. 

(3) The DSN Command System accepts spacecraft com- 
mands from Mission Control and transmits the com- 
mands via the Ground Communication Facility to a 


Deep Space Station. The commands are then radiated 
to the spaced aft m order to initiate spacecraft func- 
tions in flight. 

(4) The DSN Radio Science System generates radio science 
data, i.e., the frequency and amplitude of spacecraft 
transmitted signals affected by passage through media 
sucli as the solar corona, planetary atmospheres, and 
plantetarv rings, and transmits this data to Mission 
Control. 

(6) The DSN Very Long Baseline Interferometry System 
generates time and frequency data to synchronize the 
clocks among the three Deep Space Communications 
complexes. It will generate universal time and polar 
motion and relative Deep Space Station locations as 
by-products of the primary data delivery function. 

The data system configurations supporting testing, training, 
and network operations control functions are as follows: 

(1) The DSN Monitor and Control System instruments, 
transmits, records, and displays those parameters of the 
DSN necessary to verify configuration and validate the 
Network. It provides the tools necessary for Network 
Operations personnel to control and monitor the Net- 
work and interface with flight project mission control 
personnel. 

(2) The DSN Test and Training System generates and 
controls simulated data to support development, test, 
training and fault isolation within the DSN. It partici- 
pates in mission simulation with flight projects. 

The capabilities needed to carry out the above functions 
have evolved in the following technical areas: 

(1) The Deep Space Stations, which are distributed around 
Earth and which, prior to 1964, formed part of the 
Deep Space Instrumentation Facility. The technology 
involved in equipping these stations is strongly related 
to the state of the art of telecommunications and 
flight-ground design considerations, and is almost com- 
pletely multimission in character. 

(2) The Ground Communications Facility provides the 
capability lequired for the transmission, reception, and 
monitoring of Earth-based, point-to-point communica- 
tions between the stations and the Network Operations 
Control Center at JPL, Pasadena, and to the JPL Mis- 
sion Operations Centers. Four communications dis- 
ciplines are provided: teletype, voice, high-speed, and 
wideband. The Ground Communications Facility uses 
the capabilities provided by common carriers through- 
out the world, engineered into an integrated system by 
Goddard Space Flight Center, and controlled from the 
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communications Center located in the Space Flight 
Operations Facility (Building 230) at JPL 

The Network Operations Control Center is the functional 
entity for centralized operational control of the Network and 
interfaces with the users. It has two separable functional 
elements; namely. Network Operations Control and Network 
Data Processing. The functions of the Network Operations 
Control are: 

( 1 ) Control and coordination of Network support to meet 
commitments to Network users. 

(2) Utilization of the Network data processing computing 
capability to generate all standards and limits required 
for Network operations. 

(3) Utilization of Network data processing computing 
capability to analyze and validate the performance of 
all Network systems. 

The personnel who carry out the above functions are located 
in the Space Flight Operations Facility, where mission opera- 


tions functions are carried out by certain flight protects Net- 
work personnel are directed by an Operations Control Chief 
The functions of the Network Data Processing are 

( 1 ) Processing of data used by Network Operations Control 
for control and analysis of the Network. 

(2) Display in the Network Operations Control Area of 
data processed in the Network Data Processing Area. 

(3) Interface with communications circuits for input to 
and output from the Network Data Processing Aiea. 

(4) Data logging and production of the intermediate data 
records. 

The personnel who carry out these functions are located 
approximately 200 meters from the Space Flight Operations 
Facility. The equipment consists of minicomputers for real- 
time data system monitoring, two XDS Sigma 5s, display 
magnetic tape recorders, and appropriate interface equipment 
with the ground data communications. 
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Voyager Support 

J. E. Allen and H. E. Nance 

Deep Space Network Operations Section 


This is a continuation of the Deep Space Network report on tracking and data 
acquisition for Project Voyager. This report covers the Jupiter encounter period for 
Voyager 1, from J January through March 1979 . 


I. Voyager Operation - Status 

Voyager l made its closest approach to Jupiter and its 
largest satellites on the morning of March 5, 1979, 18 months 
to the day after its launch. This event was preceded by the 
Observatory Phase, which started on 4 January 1979, and was 
followed by the Movie and Far Encounter Phases. The closest 
Encounter Phase was followed by the Post Encounter Phase 
that continued through March 1979. The entire period went 
well with the spacecraft performing in an excellent manner 
and the Deep Space Network (DSN) acquiring and processing 
the data without undue incidents. 


II. DSN Operations 

As the Encounter time approached, a modified cc ~’gura- 
tion control/freeze was impoied on the supporting facilities to 
ensure that the encounter activities were supported with 
known hardware and software capabilities. This required that 
any known or newly discovered anomalies had acceptable 
work around procedures to ensure continued support. The 
control essentially was within three categories. 


A. SFOF Physical Plant and Data Systems 

Soft freeze from 0000Z 4 December 1978 through 2400Z 
28 August 1979, except for the following hard freeze periods 
(0000Z first day through 2400Z last day): 

1 2/12/78 through 1 2/14/78 Voyager 1 NET 

1/29/79 through 3/14/79 Voyager 1 TCM 3. Movie. 

FEI.FE2.TCM 4. NE and 
PEI 

B. DSN Facllitiss 

Modified configuration control is in effect from 4 Decem- 
ber 1978 through 30 September 1979. The Voyager NOPE 
defined, prior to I December 1978, modified configuration 
control to encompass level of support for encounter (OB 
through PE2). spaovraft maneuvers and tracking cycles, the 
Movie Phase, Far Encounter 2, Near Encounter, and Post- 
encounter 1 Phase, the Near Encounter Test, and the major 
scan platform calibration preceding each encounter. The 
definition of a normal DSN freeze was modified to accommo- 
date regular alternating tracking between Voyager and Pioneer 
Venus. 
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C. Encounter Configuration 

The Jupiter encounter phase for Voyager 1 began on 
4 January 1079 and will continue through 9 April 1979. 
Supplemental procedures and configurations were required by 
the DSN to support the Jupiter encounter activity. Generally, 
only the telemetry configuration changed significantly while 
other subsystem configurations remained essentially the same 
as they were for the Cruise Phase. 

Figure 1 shows the standard 64-m telemetry configuration 
which is 7.2 kb/s to 1 15.2 kb/s convolutionally t <coded TLM 
on the X-band carrier with simultaneous 40 b/s uncoded TLM 
on the S-band carrier. 

There were times when the Project configured the space- 
craft for the same high rate encoded telemetry transmission via 
both RF carriers (360 kHz and 22.5 kHz). This was normally 
done when the Project wished to ensure full recovery of 
critical data. Figure 2 shows the S/X-band configuration that 
was used when the Project exercised its option to put the same 
telemetry rare on both carriers (S/X-band carriers). This 
configuration was also used when Voyager Project had 
important TLM data on the S-band carrier and the X-band 
carrier was not in use, or vice versa. 

In order for the Project to optimize the telemetry return 
and to ensure that each experiment objective was met, there 
were frequent bit rate changes during the encounter period. To 
support this operation, the DSN was required to be cognizant 
of the changes and the supporting equipment configuration. 
To obtain maximum data it was necessary to determine 
whether the first bit of the new rate or the last bit of the old 
rate would result in maximum return. When a determination 
was made, the following procedure was used to support the 
decision. 

Obtaining the First Bit of Data 

(1) The station initialized for the new bit rate per the time 
in the SOE when the subcarrier fn ; uency and modula- 
tion index remain the same as for the previous rate. 
The Subcarrier Demodulator Assembly (SDA) had to 
be in lock prior to stream initialization. 

(2) When the SDA subcarrier or modulation index was 
changed simultaneously with data rate, it was impos- 
sible to get the first bit of data since there was a 
delay in acquiring SDA lode. 

(3) Whenever the first bit of data was important, the 
station did not wait for TLM stream lock to put TLM 
data to Une; instead, they put data to Mne at the same 
time that the TLM stream was first initialized. 


Obtaining the Last Bit of Data 

(1) The station did not initialize for the new bit rate until 
the telemetry stream dropped lock, or was requested to 
acquire the new bit rate by Network Operations 
Control (NOC). 

(2) Even though the TLM stream was not initialized for the 
new TLM rate, there was always the danger that the 
Symbol Synchronizer Assembly (SSA) and Maximum 
Likelihood Convolutional Decoder (MCD) would false 
lock to the new rate. Therefore, the station and the 
Network Operations Control Team (NOCT) guarded 
against false locks in this moue of operation, although 
neither the NOCT Real-Time Monitor (RTM) or Test 
and Telemetry System (TTS) were able to obtain 
synchronization on the data if the station was false 
locked. The best solution found was to initialize for the 
correct bit rate immediately after losing lock on the 
present bit rate within the guidelines of the SOE. 

1. Critical Periods. During the encounter phase, there were 
specific time periods when data collection was critical. These 
critical mission periods are defined in Table 1. However, the 
Project could and did declare as critical periods other than 
those listed below. 

Analog recordings and redundant Telemetry Processor 
Assembly (TPA) DODRs were required during cru.cal period 
support at the 64-m DSS’s. The Project accepted the addi- 
tional risks when a 34-m DSS (DSS 1 2) was used to support 
critical mission periods. When TLM data rates were above 44.8 
kb/s, DSS 43 was not required to record redundant TPA 
DODRs, but analog recordings were required. During this time 
DSS 43 utilized the backup TPA for data replay as described 
below. 

1 Data Replay Strategy. The primary concern during the 
encounter period was the timely receipt of the high rate 
telemetry and imaging data at JPL. Widc-band data lines were 
provided from all th ee of the 64-m stations. However, only 
the 230 kb/s capability from DSS 14 and the 168 kb/s 
capability from DSS 63 allowed transfer of the data rates 
above 44.8 kb/s in real-time. The 56 kb/s capability from 
DSS 43 required special consideration and strategy to provide 
the data in as near real-time as possible. To accomplish this 
requirement a special return procedure was instituted as 
follows: 

3. Methods of Data Return from DSS 43. Two methods of 
telemetry return were employed; real-time and near real-time. 

a. Real-Time Data Return. DSS 43 processed and returned 
in real-time (on the 5$, kb/s WBDL) all high rate data with 
rates of 44.8 kb/s or lower. 



h. Near Real-Time Data. For data rates above 44.8 kb/s 
D^S 43 recorded real-time data on a DODR using one 
telemetry string and replayed the DODRs, using the second 
telemetry string, as soon as they were available. The data 
replays were done at the maximum line rate of the 56 kb/s 
wide-band data circuit. With the replays occurring at less than 
the real-time record rate a TLM return backlog existed until all 
DODRs had been replayed. Negotiations with othe r station 
users ensued to utilize their S/C track. All low rate data, 
40 kb/s, were returned via the HSDL in real-time. 

For DSS 43 passes containing data rates above 44.8 kb/s, 
but with no Optical Navigation (OPNAV) data, the replay 
strategy was: 

(1) DSS 43 logged all HR data on DODR. 

(2) As soon as the first DODR tape was completed, the 
station immediately started a replay of that tape over 
the 56 kb/s WBDL. 

(3) When the first DODR tape replay was completed, the 
second tape was replayed and so forth until all data had 
been played in. 

(4) DODR tapes were normally replayed in the same 
sequence as they were recorded. 

(5) Some passes contained periods of HR data 44.8 kb/s or 
less between periods of higher rate data. During these 
periods, the station suspended replay, returned the liigh 
rate data in real-time and resumed replays when the 
WBDL was again available. 

During some of the DSS 43 passes short periods of OPNAV 
data were contained in the high rate. It was a requirement of 
the Projec* Navigation Team that each period of this data be 
returned within a time not to exceed 4 hours after it was 
recorded on the spacecraft. To accommodate this requirement, 
the following replay strategy was used: 

(1) Replay of the OPNAV data periods were specifically 
requested by the user. The requests were designated by 
data start and stop Earth received times. 

(2) Due to the DODR replay backlog, the OPNAV replay 
requests in some cases required that DODRs be loaded 
for out of sequence replay. This was necessary to 
meet the OPNAV data return time requirement. 

(3) In such cases the station completed the DODR tape 
replay already in process, mounted the tape containing 
the requested period, made the short replay and then 
resumed the normal replay sequence where it left off. 

(4) During OPNAV replays, the data was processed by 
Mission and Test Imaging System (MTIS) only . TTS 
and Network Data Processing Terminal (NDPT) turned 


off the WB processors to prevent processing of non- 
sequential data. 

During other specified periods requirement for near 
real-time DODR replay was for the latest data 
recorded. The station replayed the first completed 
DODR tape followed by the latest DODR tape to be 
completed, regardless of the order in which it was 
recorded. As each tape replay was finished, the next 
tape to be replayed was the most recent tape recorded. 
This oui of order DODR replay continued until the end 
of the track at which time the skipped over tapes were 
replayed. The Project exercised the option of request- 
ing the replay of any completed DODR tape during 
these periods of “Out * f Order” replay. Such requests 
were made by the user through ACE to Operations 
Chief. The DSN honored these requests at the comple- 
tion of the tape replay already in process and then 
resumed replay of the latest comrleted DODR. 

c . DSS 43 Telemetry Back-up. During certain real-rime 
data periods determined by the Project to require “hot 
back-up” TLM system with redundant DODR, the station 
configured both TLM strings for real-tin.^ data and suspended 
any data replays until the second TLM string was again 
available. For a data rate of 44.8 kb/s or less, the station was 
outputting data from the prime telemetry string, while at the 
same time recording a DODR on the back-up telemet y string. 
When the data rate was above 44.8 kb/s, the station recorded 
DODR on both TLM strings for subsequent replay. 

When high rate data (real-time or replay) was not required 
from DSS 43 during the DSS 43/14 or DSS 43/63 overlaps the 
station was requested to halt the WB data output and record 
on DODR only. 

d. Configuration - DSS 43. The telemetry configuration 
used by DSS 43 was dependent on two conditions of the 
downlink high rate data: 

(1) HR TLM 44.8 kb/s or lower 

For data rates of 44.8 kb/s or less, DSS 43 used the 
standard 64-m TLM configuration shown in Fig. 2. 

(2) HR TLM above 44.8 kb/s 

For data rates above 44.8 kb/s, DSS 43 used the record 
and replay configuration shown in Fig. 3. 

III. Data Products 

The Intermediate Data Record (IDR) is the primary data 
product provided to the Project by the DSN. Although 
telemetry data is provided in real-time or near real-time to the 
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Mission Control ana Computing Center (MCCC) for the 
Project's use, the IDR is still requited to provide the 
permanent record and gap filling of the data. In the case of 
radiometric data and tracking calibration data, the IDR is the 
only source of data to the Project. Monitor data is provided to 
the MCCC telemetiy system v .m the NOCC real-time monitor 
5-8 data block) for inclusion with the telemetry data record. 
Command IDRs or fill tapes could he lequired by the Project 
to complete their system data recotu as required. 

Stringent requirements are placed on all IDRs provided by 
the DSN. In the case of telemetry during cruise, the 
requirement is for 97.5* r of the indock data blocks and during 
critical periods it is at least 99' T of the in-lock data blocks. For 
radiometric data and tracking calibration data, the require- 
ment is for the IDR to contain, at least °5 r of the data 
required to be transmitted in real-time, by a DSS. As an indi- 
cation of the impact of IDR production during this period. 
3o7 telemetry IDRs were produced in January and 820 
telemetry IDRs (with :*n additional 74 supplementary IDRs) in 
February. Fven this later number increased in Match during 
critical encounter activities. These IDRs were in addition to 
the optical navigation and radiometric data IDRs likewise 
produced. 


IV. Occultation Data (Radio Science) 

One Jupiter/Earth occultation was observed during the 
DSS 63 pass on 5 March 1979. To record this event, both 
closed loop and open loop receiver data and radiometric data 
were provided as the complete radio science package. New 
operational procedures were developed for the open loop 
receiver operation since the closed loop and radiometric data 
v/ere already provided. 

DSS 63 was provided with the radio science occultation 
subsystem during the later part of 1978, Testing and training 
were accomplished during January and February. Final 
preparation was completed just prior to the Jupiter encounter 
closest approach. 

Figure 4 shows the Voyager occultation recording 
configuration. Figure 5 shows the Voyager open loop receiver 
configuration. 

Prior to the Voyager mission, occultations were supported 
using an open-loop receiver with a fixed first local oscillator 
passing a bandwidth sufficient to encompass the event of 
interest, plus uncertainties, onto an analog recording. The 
analog recordings were shipped to JPL and digitized at CTA 21 
and the resulting computer compatible tapes (CCT) were 
delivered to the experimenters. For Voyager, the total shift in 


frequency due to the Jupiter atmosphere was large and the 
existing system could not be used. A new subsystem was 
implemented; this new subsystem was called the DSS Radio 
Science Subsystem (l)RS). This subsystem involved a 
computer-controlled piogrammable lust local oscillator in the 
open-loop receiver that followed (using a series of linear 
ramps) the time-related frequency excursion of the expected 
signal of interest, thereby enabling the real-time bandwidth to 
be reduced to the point where real-time analog-to-digital 
conversion and production of a (XT recording was possible. 
This is the new' system that was implemented at DSS 63, for 
the fust Jupiter encounter. 

In general terms, preparations for support of the occulta- 
tion experiment began approximately two months prior to the 
event. The project experimenters supplied the DSN with the 
information necessary for the configuration and setup of the 
Occultation Data Assembly (ODA). The DSN then produced 
ODA predicts for the station supporting the pass. NAT Track 
transmitted the predict file to the DSS in advance of the pass 
to he supported and other occultation data information was 
datafaxed to the DSS prior to the encounter pass. The station 
supported the expeiiment, supplied pertinent information to 
the net controller, played hack a portion of the recorded ODA 
CCT. duplicated the CCT and then shipped the tape to JPL. In 
addition to taking data using the Multimission Receiver 
(MMR)/ODA. the station used an Open Loop Receiver (OLR) 
(300 kHz output) and the Digital Recording Assembly (DRA) 
to record wide bandwidth data for backup purpose only. Upon 
special request these DRA recordings were shipped toCTA-21 
where the bandwidth reduction equipment was used to 
produce a narrow bandwidth digital recording. The ODA CCTs 
shippeu to JPL were delivered directly to the Project. The high 
speed portion of the recorded ODA data was processed by 
NDPT and an IDR provided to the Project, within 72 hours, 
for quick-look verification by spectrum analysis. 

Operational and initialization instructions for the radio 
science subsystem were in the ODA Software Operations 
Manual (SOM) DMO-5 123-OP and the operation procedures 
were documented in the Voyager Network Operations Plan 
618-700, Rev. B. Special real-time messages were used to 
augment the operational and initialization instructions that 
were Voyager Project dependent. The open loop receiver Pro- 
grammed Oscillator Control Assembly (POCA) predicts were 
generated at JPL and transmitted to the ODA, where the 
predicts were stored on disks. During Jupiter occultation, 
the predicts were used to drive the S/X-band open loop 
receiver POCA. 

For the open loop recording, the DODR recording began 
prior to the start of Jupiter occultation. It was necessary to 
collect baseline data prior to and after occultation. The Project 
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Sequence of l vents was the com rolling document for the 
OIM recording on and off times. Open loop (S-band) 1 \k kup 
recording was provided by the wide-hand (.UK) kll/1 OLR, 
and its DRA. 

Voyager did not make use of the High Speed Data l ine 
(HSDL) to get open loop ODA data to JPL, except for 
preliminary quick-look data* because the number of station 
hours required to replay data via HSDL was prohibitive. The 
prime method of getting data to JPL was to ship the open loop 
DODRs. 

DODR recording for Voyager used six DODR tapes per 
hour, five DODRs per hour for the narrow-band MMR/ODA 
subsystem, and approximately one DODR per hour for the 
wide-band OLR/DRA subsystem. The DSS collecting the open 
loop data was required to ensure that adequate personnel were 
on board to handle the open loop recording task. Technical 
assistance was sent from JPL to DSS 6T to support the 
occultation period. 


New or once used digital tape, at least 25(X) feet in length 
for ODA and 12,500 feet in length for DRA. weie lequiied to 
be used for recording open loop data, to ensure optimum data 
leturn. DSS<>.> required about 50 good digital tapes (24 for 
mu row-band recording, and (> foi wide-band avoiding) to 
meet this icquiremenl. 

Station personnel used the Spectral Signal Imlicatoi (SSI) 
to verify that occultation data was actually being iccorded 
onto the DODR. The SSI piovided recording status foi both 
the narrow-band and the wide-band lecordmg subsystems. The 
narrow-band was used for the prime data and required more 
monitoring by the DSS operator than the wide-band subsys- 
tems. The Voyager Project planned to use the nat row-hand 
data only, but in the event that the lunow-lutrul data was not 
available, then (TA-21 would be requested to provide wide- 
band IDRs. The DSS was required to report signal status to the 
NOC at least every 1 5 minutes and more often when the signal 
disappeared or was maiginal. 


Table 1. Critical mlaalon period* 


Critical period 

Duration 

Remarks 

1 . T rajec tory cor rec t ion 

M-lOh to M+3h 


maneuvers 



2. Science calibrations 
(every 1/2 All f or 
each spacecraft) 

24 hours 

* 

3. Imaging movie 

4 days each S/C 
for each planet 


4. Planetary closest 
approach 

E-lOdto E+ld 

E-2d to £+2d for analog 
ODR retention requirement 

5. Spacecraft emergencies 

When declared for as 
long as declared 


6. Targets of opportunity 
(specified at least 
one month in advance) 

No longer than 4 days 



i 


i 
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Viking Continuation Mission Support 

R. L. Gillette 

Deep Space Network Operations Section 


This report covers the period from 1 September 1978 through 31 March 1979. It 
reports on DSN support of Vising Spacecraft activities during the period and continues 
reporting on DSN Viking Command and Tracking support . 


I. Viking Operations 

A. Orbiters 

The Viking Orbiter 1 (VO-1) spacecraft continued to 
operate normally during this reporting period as it collected 
and returned to Earth weather data and Mars photos as well as 
relaying to Earth data from the two Viking Landers. Viking 
Orbiter 2 (VO-2) ceased operation on 25 July 1978. 

B. Landers 

The Viking Land ts also continued to operate as expected 
during this reporting period as they collected and relayed to 
Earth, via Orbiter 1 , Mars weather information and photos. 

On 25 October, an attempt was made to turn on Trans- 
mitter 2 on board Viking Lander 2. Transmitter 2 had only 
been operated from Lander touchdown through the first 
month of the primary mission and for a few weeks in the 
Extended Mission, at which time it ceased operation during a 
playback link. A decision was made not to attempt to power 
up the transmitter again until close to the solar conjunction 
period during the Viking Continuation Mission because of the 
limited life expectance aftet transmitter turn on. Because 
the attempt to turn-on transmitter 2 was unsuccessful, and 
because of the earlier failure of Transmitter 1 , all data from 
VL-2 for the remainder of the continuation Minion will be via 
the Orhiter-1 relay transmission link. 


On 19 February 1979, a command uplink to Viking 
Lander-1 (VL-1) terminated the Lander Continuation Auto- 
matic Mission (LCAM), and loaded a software sequence now 
referred to as Post-LCAM. The original LCAM sequence 
automatically transmitted data to Earth at preprogrammed 
times. The new Post-LCAM sequence requires a command 
uplink to the Lander- 1 spacecraft to turn on the downlink 
transmitter. Commands transmitted to the Lander are now 
manually entered in the Command Processor Assembly (CPA) 
at a Deep Space Station (DSS) prior to the start of a Lander 
pass. Prior to the Post-LCAM, commands were remotely sent 
to the DSS CPA from the Mission Computer and Control 
Center (MCCC) at JPL. Figure 1 shows a typical Lander Pass in 
support of the Post-LCAM. 

On 6 February 1979, a command uplink to Viking 
Lander-2 (VL-2) terminated the VL-2 LCAM sequence and 
loaded into the spacecraft computer memory the VL-2 
Post-LCAM sequence. Since the downlink transmitters 
onboard VL-2 no longer function, data collected during the 
VL-2 Post-LCAM must be relayed to the VO-1 spacecraft for 
transmission to Earth. 

During the Post-LCAM, both Lander spacecraft will collect 
meteorology and imaging data. The VL-1 spacecraft should be 
capable of returning Mars data up through 1990. VL-2 will be 
able to return data only as long as there is an Orbiter 
spacecraft. 


Si 
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II. Viking Survey Mission 

The Survey Mission is the fourth phase of the Viking 
Mission, following the Primary Mission (terminated 31 May 
1978), the Extended Mission (terminated 31 May 1978), and 
the Continuation Mission (terminated this reporting period, 
25 March 1979). The Orbiter operations in the Survey Mission 
will terminate 31 October 1979, but the Lander operations 
could continue until 29 December 1990. 

The objective of the Orbiter Survey Mission is to acquire 
high-resolution contiguous coverage with the Visual Imaging 
Subsystem (VIS) of a region on the planet that is likely to 
contain the landing sites for the next Mars mission. The 
Lander mission objectives are to take advantage of the unique 
capability of a transponder on a planet surface, to make 
frequent radio ranging measurements and to conduct a 
long-duration monitoring of weather conditions and surface 
changes at the Lander 1 site. 

Throughout the Survey Mission, the landers will be in an 
automatic-mission mode, operating autonomously on the 
programs that have previously been stored in their on board 
computers. Lander 1 will be repointing its high-gain antenna 
and acquiring and storing imaging, meteorology, and engineer- 
ing data frequently, and will be ready to transmit these data to 
Earth every 7 or 8 days in response to a command. Lander 2 
will be operating in a similar manner, but as it has no direct 
downlink capability, its data can be retrieved only through a 
relay to Orbiter I in May and possibly another in November. 

Because of pressure from Voyager and Pioneer for Network 
support, Orbiter I was placed in a housekeeping mode with all 
science instruments powered off at the end of the Continu- 
ation Mission. New operating and safing sequences have been 
stored in the CCS to make the Orbiter as nearly self-sufficient 
as feasible so that neither uplinks nor downlinks will be 
required more often than every two weeks. This mode is 
expected to be continued until a date not yet determined, but 
probably after 15 July 1979. In the meantime, the only 
Orbiter events that have been planned are a small number of* 


telemetry passes with a 64-m station some time in April to 
retrieve about 70 VIS pictures still on the tape recorders and 
the receipt and relay of a data readout from Lander 2 in 
mid- May. 

Science acquisition with Orbiter 1 is expected to resume in 
July when DSS availability will make a reasonable level of 
operation feasible. A fairly simple sequence of VIS observa- 
tions will be carried out, probably daily, for approximately 
three months. Infrared Thermal Mapper (IRTM) and Mars 
Atmospheric Water Detector (MAWD) data will be acquired 
simultaneously with the VIS operations, but few if any special 
infrared sequences will be run. S- and X*band doppler and 
ranging may be scheduled simultaneously with Lander- 1 direct 
links. 


III. Radio Science 

Viking Radio Science activities and experimentation con- 
tinued during this reporting period. These activities include 
near-simultaneous Lander /Orbiter ranging, the General Rela- 
tivity Experiment, and the Solar Corona Experiment. The 
General Relativity and Solar Corona experiments were con- 
ducted during the solar conjunction period of December 1978 
through February 1979, 

IV. Network Support 

Table I shows the DSN tracking support for the Viking 
Continuation Mission from June 1978 through 25 March 
1979. Tracking support continued to decrease throughout the 
continuation mission with a slight increase during the Solar 
conjunction Radio Science activity in December and January. 
This reduction in Viking operation activity was anticipated 
during the continuation mission. An even further reduction in 
tracking support will occur during the Viking Survey Mission. 

Table 2 gives the total number of commands transmitted by 
the DSN during the Viking Continuation Mission. 
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Table 2. Number of command* transmitted during the Viking Continuation Mission 
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Fig. 1. Typical Landarpeea 
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Pioneer Venus 1978 Mission Support 

T. W. Howe 
DSN Operations Section 


This article reports on the Deep Space Network support of the Pioneer Venus Mission. 
It describes the Orbiter f s Venus Orbit Insertion ; Multiprobe Entry , and Orbiter 
Occultation Experiment support. 


I. Venus Orbit insertion (VOI) 

A. Supporting Stations 

DSSs 11 and 14 were the prime stations for support of 
VOI. DSS43 provided support for the reorientation of the 
spacecraft into the orbit insertion attitude at approximately 
45 hours prior to VOI. They also supported the loading of 
spacecraft Stored Command Logic (SCL) with the orbit 
insertion parameters. 

The DSN Real-Time Telemetry System Analyst (NAT TEL) 
provided monitoring for spacecraft stored command load 
address pointers beginning at VOI minus 7 hours. 

The Ground Communications Facility (GCF) provided 
critical support during the VOI period. 


B. VOI Support Procedures 

The VOI sequence was executed by the spacecraft by 
preprogrammed commands. To insure a successful VOI, a 
contingency plan was formulated. The plan included an uplink 
and downlink strategy for Pre-VOI, an uplink and downlink 
strategy for Post-VOI, and monitoring of SCL issued com- 
mands during Pre-VOI. 


1. Pre-VOI Strategies. The Pioneer Venus Orbiter and Bus 
Spacecrafts had experienced random single bit changes in their 
SCLs during the entire transit phase of the mission. The bit 
changes occurred about once per week and were thought to be 
caused by cosmic rays passing through the solid state 
memories. Since the ignition of the Orbit Insertion Motor was 
to be initialized by the SCL, there was concern that a bit 
change could cause ignition to be earlier or later than the 
programmed time. To guard against such an occurrence, a plan 
was devised to provide for continuous monitoring of the 
address pointers in the redundant SCLs during the 7 hours 
prior to VOL The DSN extracted these words from the 
telemetry data and made comparative counts with Ames 
Research Center (ARC). 

In the event of a computer failure at ARC, the DSN would 
then have relayed the SCL count to ARC by v Ace until the 
computer could be restored. No ARC computer failure 
occurred, and this failure strategy was not required. 

The Pre-VOI uplink strategy was essentially to maintain the 
uplink until approximately 10 minutes prior to occultation in 
order to retain a command capability. DSS 14 provided an 
uplink with the prime spacecraft receiver while DSS 1 1 
acquired an uplink with the backup receiver. This configura- 
tion provided redundant command capabilities and, in the 
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event of a problem at the prime station, the other stations 
command modulation would be turned on and commanding 
continued. 

Both stations turned off their transmitters at 10 minutes 
prior to occultation to insure a one-way doppler mode at 
entry. 

Pre-VOl downlink strategy involved ramping the ground 
receiver during the hour prior to occultation in order to 
minimize the receiver phase error at entry and exit 
occultation. 

2. Post-VOI Strategies. For Post -VOI, the desire was to 
obtain uplink lock as quickly as possible and transmit 
commands that would complete the VOl sequence in the event 
the preprogrammed sequence failed. It was estimated that a 
burn command reaching the spacecraft at the time of exit 
occultation would result in an orbit with a 48-hour duration 
instead of the desired 24-hour orbit for the nominal burn. For 
each minute's delay in the execution of the burn command, 
the orbit duration would increase by an estimated 5 hours. 

The strategy for uplink acquisition was to use both DSS 1 1 
and DSS 14 to simultaneously attempt to acquire the prime 
spacecraft receiver. The sweep was to cover a range of best 
lock frequency plus or minus 5 sigma or about 1 700 Hz at 
S-band. 

Following transmitter turn on for uplink acquisition sweep, 
command modulation was turned on and motor arm and Fire 
commands were transmitted by both supporting stations. 

Burn occurred at the nominal time and resulted in an orbit 
of slightly longer than the desired 24-hour duration. 

The Post-VOI uplink with the spacecraft was missed by 
both stations. This was because the uplink tuning sweep 
strategy had been optimized for the anomalous no-burn case. 
Commanding for the no-burn case would have been mission 
critical. As a consequence, the uplink strategy was very 
conservative for the no-burn predicted doppler, but quite 
optimistic compared to the uncertainties for the bum case. 

For Post-VO! downlink acquisition, a rapid lock was 
desired to determine the status of the orbit insertion and th 
health of the spacecraft. 

DSS 14 used the Spectral Signal Indicator (SSI) in 
conjunction with an open loop receiver to detect downlink 
presence. A 300-kHz filter was used to detect signals in any of 
the possible modes (i e., one-way, two-way, three-way, burn, 
no-burn). 

M 


DSS 11 concentrated on downlink acquisition for a 
nominal orbit insertion with then prime leeeiver used for 
two-way search and the backup used for one-way search 

Following the failure io acquire uplink lock upon exit 
occultation, a second sweep was performed by DSS 14 and 
uplink established. 


II. Occultation Experiment Support 

The occultation experiment is divided into three major 
scientific objectives. 

(1) Radio Science Occultation /. To determine rcfractivity 
profiles in the lower atmosphere of Venus, at different 
longitudes, from the analysis of phase perturbations of 
the S- and X-band telemetry carriers during occulta- 
tion. The rcfractivity profiles are used to obtain 
temperatures, pressures, and densities in the neutral 
atmosphere above about 35 km. Also measurements of 
dispersive (S- and X-band) absorption by analysis of 
signal attenuation during occultation. These yield data 
on possible radio absorptive layers below about 50 km 
in the lower atmosphere of Venus, data used to 
measure electron-density height profiles by analysis of 
dispersive S- and X-band phase effects observed during 
occultations at a variety of solar illumination angles 
over the life of the mission, and data used to observe 
dynamics of the lower atmosphere as obtained from 
the horizontal pressure and temperature gradients, as 
well as pressure and density variations with respect to 
time. Dr. A. J. Kliore of JPL is principal investigator. 

(2) Radio Science Corona Turbulence. To observe and 
interpret the small-scale turbulence characteristics of 
the Venus atmosphere above about 35 km, measuring 
the intensity variation of turbulence with altitude, 
planetary latitude and longitude, and the distribution 
of scale sizes in the atmosphere. A secondary objective 
is to determine the solar-corona turbulence and solar- 
wind velocity near the Sun, R. T. Woo of JPL is the 
principal investigator. 

(3) Radio Science Occultation //. Determination of atmo- 
spheric and ionospheric structures from radio occulta- 
tions; solar wind irregularity detection through S-X 
differential delay coupled with adjunct information; 
search for relationships between solar wind variations 
and Venus ionospheric reactions; comparison of orbiter 
scintillations to one another and to probe scintillations 
to deduce evidence of turbulence or i-yering, and 
possibly also a study of solar wind scintillations. T. A. 
Croft of Stanford Research Institute is principal 
investigator. 


The DSN supports this experiment with four separate data 
taking configurations. The open loop receivers in conjunction 
with the Occultation Data Assembly (ODA) arc used to 
produce digital tapes containing digital data decimated to a 
reduced bandwidth. The wide bandwidth Multimission Open 
Loop Receiver (MMR) together with the Digital Recording 
Assembly (DRA) is used to produce wide bandwidth 
recordings of S-band only as backup to the prime narrow 
bandwidth ODA recordings. 

The closed loop receivers are used to produce S- and 
X-band doppler that is transmitted to JPL in real-time. 

The closed loop receiver and Digital Instrumentation 
Subsystem produce high-rate sampling of X-band AGC for 
real-time transmission to JPL. The AGC data were not 
originally committed to the mission until concern over 
reliability of the new ODA made the talcing of the AGC data 
prudent. 

Figure 1 shows the Occuitation Experiment (S/X) 
configuration. 

Support of the Radio Science Experiments began on 
5 December 1978. DSS 14 provided support on thr date with 
good results, using the newly installed ODA. The S-band 
10-kHz OLR bandwidth was used to allow for any uncer- 
tainties in predicts or ODA operation. 

Suppo.t continued for the next two days with data taking 
suspended on 8 and 9 December for Multiprobe Entry 
Support. A spurious signal was detected during these first 
three occultation passes and was found to be caused by the 
OLR local oscillator mixer. 

The S-band OLR bandwidth was reduced to 5 kHz during 
the third occultation pass as confidence in the system was 
gained. The bandwidth was further reduced on orbit 7 to 
2kHz. 

The initial occultations occurred over DSS 14 only. The 
spacecraft periapsu passage was allowed to move later each 
day until it reached the mutual DSS 14 and 43 view period. 
Spacecraft maneuvers maintain the periapsis passage in the 
mutual view period. 

DSS 43 support of the occultation experiment began during 
orbit 29 on 2 January 1979, in parallel with DSS 14, 

Parallel support continued when possible through orbit 90 
when the first occultation season ended. Table 1 illustrates the 
performance of the DSN and Pioneer Project in terms of total 
data taken and lost during the first occultation season. 


During die first 36 occultations there were 144 data c /ents. 
There were four events during each occultation. defined as 
entry S-band. entry X-bar.J, exit S-band and exit X-b?nd. Of 
these 144 events, 2? pe r cent were lost due to various 
problems. Since b wide bandwidth lecoiding of S-n,.nd 
data was taken by the MMR/DRA in parallel with the OL°/ 
ODA data, the total percentage of data lost was reduced .o 
14 percent. 

Table 1 shows that for the first 36 occultations. cue 
majority of problems were associated with errors at the 
supporting Deep Space Stations (DSS). The second highest loss 
of data was due to hardware problems. These problems were 
mainly due to the operator unfanuliarity with the equipment, 
and problems uncovered through operational use of the 
equipment. 

For the next 36 occultations, the total loss of data 
increased slightiy, however DSS operator errors decreased to 
21 percent, while Project errors increased to 31 percent. The 
Project experienced difficulties in maintaining spacecraft 
high-gain antenna pointing during the data taking periods. 

During the final 18 occultations, data loss continued at a 
constant level, DSS operator errors were decreased still further 
to just 9 percent. Again, mainly due to high gain antenna 
pointing problems, the Project contributed to 72 percent of 
the total data lost. The second occultation season is scheduled 
to begin during May 1979, 

III. Multiprobe Entry 

A. Supporting Stations 

DSSs 14 and 43 had the prime responsibilities of supporting 
probe entry real-time telemetry, radio metric data, precarrier 
analog recording, DLBI recording, and uplink to the large 
probe during the entry period of the four probes. DSSs 1 4 and 
43 also supported the Bus after probe impact on the surface. 
DSSs 1 1 and 44 supported the Bus during the entry sequence. 

DSS 1 1 > prime responsibility was to support the uplink for 
the Bus for command and 2-way radio metric data and 
telemetry during the entry period. 

DSS 44 acted as a backup to DSS 1 1 for Bus coverage. 

DSS 42 equipment provided a radio metric data processing 
channel for small probe three. 

Spaceflight Tracking and Data Network (STDN) stations at 
Santiago, Chile, and Guam supported the Differential Long 
Base Interferometry (DLBI) experiment. ' 
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B. Configuiations 

Figuie 2 illust tales the telen.etrv and DLBI configuration 
used by DSS 14/43. 

This configuiution piovided one closed loop uveiver for 
each of the fom probes and one open loop receiver for each of 
the probes. Receiver numbers 3 and 4 (Blk IV Receivers) were 
both used to support the Luge probe. One was tuned to the 
one-way downlink frequency, while the other was configured 
for either the two-way (DSS 14) or three-way (DSS 43) 
dopplcr mode. The Multi-Mission Open Loop Receiver (MMR) 
was used to support the DLBI experiment. 

Figure 3 shows the DSS 14 Radio Metiic Data configura- 
tion. while Fig 4 gives the DSS 42/43 radio metric uai^ 
configuration. This configuration provided real-time doppler 
front each of the four probes. 

C. DSN Multiprobe Entry Sequence 

A preliminary DSN Multiprobe Entry Sequence was devel- 
oped as early as March 1978 and remained basically unchanged 
for the actual event. 

Development of this Sequence of Events (SOE) was 
described in Progress Report 42-46 while the actual SOE was 
shown in Progress Report 42-48. 

Preparations for the entry event began on 8 December 1978 
when DSS 14/43 commenced an entry countdown sequence. 
During this sequence the stations checked out all of their 
support equipment in the entry support configuration. A 
Configuration Verification Test (CVT) was then conducted 
with each station. Following successful completion of these 
tests, the stations were placed under configuration freeze. 
Following the implementation of a freeze, the stations were 
not allowed to alter their configuration or support any other 
flight project. 

The entry sequence of events timing was related to entry 
(E) of the large probe with entry defined as an altitude of 200 
kilometers. 

At E - 3 h a check list was performed. 

The Bus was acquired at E - 2 h 49 m by DSS 14 and they 
began their large probe uplink acquisition sweep at E - 
2 h 30 m . At this time the large probe downlink had not yet 
been turned on. Table 2 shows the uplink tuning performed by 
DSS 14 for large probe acquisition. The sawtooth sweep 
pattern was used to insure a successful uplink acquisition. 

At E - l h 19 m DSS 43 acquired the Bus downlink. 


Throughout this eaily period, both stations weie using then 
Signal Spectrum Indicators to look for probe downlinks. This 
was done to see if an> ot the probes had accidental!) mined 
on eail). There was concern that the same SUL radiation 
effects described above tor the Or hi ter and Bus could cause 
the probe coast timers to tune out piematureK and cause the 
downlinks to be turned on. 

Another checklist was performed at E- 60 ,M by both 
DSS 14 and 43. At this tune DSS 1 1 was providing an uplink 
to the Bus (S/C 13) and DSS 12 was supporting the Piot.^ 
Venus Orbiter (S/C 12). At E - 21 m , the large probe downlink 
was detected and found to be in two-way lock with DSS 14. 
Each of the probes was to follow the same sequence of events. 
First, the RF downlink was turned on. This was followed by 
the subcarrier being turned on five minutes later. Entry into 
the atmosphere ol Venus occurred some l(vl/2 minutes later. 
The time from rx rv until impact on the planet was 
approximately 56 minutes. Figure 5 illustrates the predicted 
timing of each of the probe events. Table 3 gives probe entry 
parameters while Table 4 gives th predicted event times vetsus 
actual times. Prior to ground observed entry of the large 
probe, a specially designed uplink acquisition sweep was 
performed to reacquire the large probe uplink following 
atmospheric entry blackout. This began at E - 3 ni . 

The criteria used for uplink acquisition were: 

(1) Unperturbed large probe downlink for at least 190 
seconds after the observed entr . This was required to 
allow time for the reverse telemetry playback data to 
lock up. 

(2) Minimized sweep times. 

(3) A good probability of uplink acquisition. 

The final plan used both DSS 14 and 43 for the uplink 
acquisition. DSS 43 performed the primary acquisition sweep 
while DSS 14 performed a secondary sweep. The total sweep 
range covered 20 kHz centered at the predicted best lock 
frequency. Figure 6 shows the sweep range versus time for 
each station. It shows an overlap in coverage centered at best 
lock frequency, which insured the chance for an early 
acquisition. 

The DSS 43 sweep began at the predicted atmospheric 
entry blackout time minus three minutes to preserve cri- 
terion (1) above. 

DSS 14’s sweep began one minute later causing a separation 
of 1000 Hz at S-band to minimize any uplink interference. 

Once the determination of which station had actually 
acquired the uplink had been made, the three-way station was 
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to turn off their transmitter and tune to a frequency 460 Hz 
(S-band) away from the final frequency of the two-way 
station. This was done so that if a problem occurred at the 
two-way station, the other station could turn on their 
transmitter and have a good chance of capturing the uplink as 
the transponder drifted toward its rest frequency. 

Due to a late exit from blackout, DSS 43 was unsuccessful 
in acquiring the uplink, and DSS 14 reacquired the uplink 
during the secondary sweep. 

Table 5 gives the actual sweep message used by DSS 43 for 
large probe postentry uplink reacquisition. Table 6 shows the 
DSS 14 sweep. 

All probes with the exception of Small Probe 2 impacted 
Venus on schedule and were presumed destroyed. Small 
Probe 2 survived the landing and continued to send data for 
some 67 minutes. The DLBI Principal Investigator reported 
later that from the DLBI data processing at M.I.T. he could 
detect the Small Probe 3 lasted about one second on the 


surface. This may not sound like much, but it meant that 
Probe 3 as well as 2 provided an anchor for the DLBI wind 
measurement. Last to enter the atmosphere was the Bus. It 
appeared to burn up some 2-1/2 minutes after entry when the 
signal was lost. 

Support by all stations was excellent. Telemetry lock was 
obtained quickly after entry and data rate changes. The 
amount of real-time data returned was: 

95 percent for the Large Probe, 

95 percent for Small Probe 1 , 

84 percent for Small Probe 2, 

88 percent for Small Probe 3. 

Other than DSS 14 acquisition of the large probe uplink 
following blackout and the survival of Small Probe 2 following 
impact, everything went according to plan. The multiprobe 
entry planning and training described in Progress Report 42-48 
had paid off. 
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Table 1. DSN occupation performance 


f 'auses of data loss 


Occultation 

number 

Total 

data 

events 

Data lost. 

Data lost 
at ter DR A 
recovery. H 

DSS 

error. 

Hardware 
problem. H 

Project 
erior , ' • 

NOCI 

error. 

problem 
an 1 

unknown. 

1 36 

144 

22 

14 

63 

20 

7 

5 

5 

37 72 

256 

25 

14 

21 

25 

31 

23 


73 90 

148 

22 

15 


9 

72 

10 

9 


Table 2. DSS 14 large probe preentry uplink acquisition 
(Revision 1) 


TXRon: 

16:19:00 

GMT 






TXR power 

20 

kVV 






frequency : 

43966874.51 

Hz 

Table 3. Predicted probe entry parameters 


Start tuning up (TO): 

16:20:00 

GMT 






Tuning rate <R0): 

+ 1.16 

1 D/s 

. . — 




— 

Tune to: 

43967823.39 

H/ 


Fntry 

Kntry 

Maximum 

Descent 

Start tuning down (T1 ): 

16.33:38 

GMT 

Probe 

time a . 

angle. 


time. 

Tuning rate (Rl): 

-1.13 

Hz/s 


GMT 

deg 


nun.s 

Tunc to: 

43966899.05 

H/ 

— 




• - 

Start tuning up (T2): 

16:47 16 

GMT 

Sounder Probe (LP) 

18:48:44 

-32.8 

308 

54:36 

Tuning rate (R2): 

+1.17 

H//s 

North Probe (SP-1) 

18.53:08 

-67.9 

503 

55 54 

Tune to: 

43967856.1 1 

Hz 

Day Probe (SP-2) 

18:55:11 

-25 3 

241 

56:18 

Start tuning down (T3): 

17:00:54 

GMT 

Night Probe (SP*3) 

18:58:45 

-41.8 

382 

56:16 

Tuning rate (R3): 

-1.13 

Hz/s 

Bus 

20*24:06 

-9.0 

b 

h 

Tune to: 

43966932.77 

Hz 

— 

• 


* 


Start tuning up (TO): 

l 7 : 14:32 

GMT 

a F.arth receive time of entry at 200 kilometers altitude. 


Tuning rate (R0): 

+1.18 

Hz/s 






Turn* to: 

43967897.01 

Hz 

Communication with the bus was lost at approximately 60 s at G 

Start tuning down (Tl): 

17:28:10 

GMT 

km altitude when aerodynamic forces began to tumble and dcstn 

Tuning rate (Rl): 

-1.11 

Hz/s 

the bus. 





Tune to: 

43966989.03 

Hz 

— 



— 

- 

— 

Tune to TSF (T2): 

17:41:48 

GMT 






Tuning rate (R2): 

+1.19 

Hz/s 






TSF: 

43968254,0 

Hz 






Stop tuning (R3/T3): 

17:59:31 

GMT 







ORIGINAL HOL • 
OF POORQUMOS 
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Table 4. Predicted probe event time vs actual time 


Probe 

hvcnt 

Predicted Z, 
r.MT 

Actual Z, 
GMT 

AT, s 

LP 

Rl on 

182724 

182739 

+ 15 

SP1 

RL on 

183112 

183110 

- 2 

SP2 

Rl on 

183344 

183340 

- 1 

SP3 

RL on 

183706 

183721 

+ 15 

LP 

TLM on 

183224 

183240 

+ 16 

SP1 

TLM on 

183617 

183608 

- 4 

SP2 

TLM on 

183841 

183840 

- 1 

SP3 

TLM on 

184 206 

184221 

+ 15 

LP 

Lntry 

184844 

184845 

+ 1 

SP1 

Entry 

185308 

185253 

-15 

SP2 

Lntry 

185511 

185531 

+20 

SP3 

Entry 

185845 

185926 

+41 

LP 

Impact 

194353 

194306 

-47 

SP1 

Impact 

194906 

184553 

-193 

SP2 

Impact 

195154 

185112 

-42 

SP3 

Impact 

195502 

185518 

+ 16 


Table 5. DSS 43 large probe postentry uplink acquisition 
(Revision 1) 


TXR on: 

18:45:44 

GMT 

TXR pow* .: 

20 

kW 

Frequency: 

43966747.0 

Hz 

Start tuning (TO): 

18:45:45 

GMT 

Tuning rate (R0): 

-1.17 

Hz/s 

Tune to: 

43966513.0 

Hz 

Stop tuning (Tl/Rl): 

18:49:05 

GMT 


If confirmed three-way: turn TXR off and snap to: 


TSF: 43966926.0 Hz 


Table 6. 088 14 large probe poetentry upHnk acquisition 
(Revision 1) 


Start tuning (TO): 

18:46:44 

GMT 

Tuning rate (R0); 

-1476.0 

Hz/t 

Tune to: 

43966778.0 

Hz 

Tune to TSF (Tl): 

18:46:45 

GMT 

Tuning rate (Rl): 

41.125 

Hz/s 

TSF: 

43967003.0 

Hz 

Stop tuning (R2/T2): 

18:50:05 

GMT 


If confirmed three-way by NOC, turn transmitter off 
and snap to 

TSF: 43966590.0 Hz 




H* . 


to 
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Stability Analysis of the Multimegabit Telemetry 
Demodulator/Detector Design 

J. K, Holmes 

Communications Systems Research Section 

Stability of the multimegabit telemetry digital Costas loop is considered. It is shown 
that the present design is stable with about 35. 2 dB gain margin , and therefore is quite 
stable. This paper considers the bandpass filter implementation of the data filters. 





I. Introduction 

The purpose of this article is to demonstrate analytically 
that the multimegabit telemetry Costas loop demodulator is 
stable over the expected signal dynamic range. The gain margin 
is about 35.2 dB when M = 4 (see Fig. 1). It is well known that 
a digital Costas loop becomes more unstable as internal delays 
increase and this fact is verified by the analysis contained 
herein. 

Two methods of stability analysis were employed. First, 
Jury’s stability condition was used and secondly, a root locus 
was constructed for the digital loop. Both methods yield the 
same stability criteria. 

II. Stability Analysis 

First we develop the system loop equation expressed in z 
transforms. Consider Fig. 1, where the digital Costas loop 
under consideration is displayed. A portion of the phase 
detector is analog with the Altering accomplished digitally. 

An equivalent loop model is shown in Fig. 2. Because the 
Altering is done digitally, the loop Alter can be expressed 


directly in the Z variable where Z = e STM with S being the La 
Place transform variable. The internal updating duration into 
the loop filter is T m where T M = MT S with T s being the data 
symbol 1 duration. At present, at ail data rates, there are four 
samples per symbol out of the rate buffers (Fig. 1), so 
averaging over four samples is equivalent in terms of delays in 
sampling every symbol (at rate R s ). First we obtain F(Z ), the 
loop filter z-transform. 

If the input of the summer branch of the loop filter is 
denoted as e n and the output as U n , then (see Fig. 1) 

•> <» 

i=0 

or by adding x to both sides we obtain 

Un.t-t'n+K.'n.l & 

*Thc parameter * is set so that this is true, and M * 4 in the present 
design (see Fig. 1). 
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Taking .' transforms we obtain the r -transform of {U } in 
terms of the r-transform of {<> } " 


Since the phase error <Xr) has transform <HZ) and the phase 
estimate (>U) has transform (->, we have 


l\Z) A, 


'HZ) = (-XZ) - t-)(Zi 


Now clearly 


IAZ) - r{e, ( } = £ 


^ rt’o 


1( -c;/ (Z)((-)(Z)- (-XZI) 


LH.Z) :{U n ) ^ U„Z' n (5) 0(Z) = 'HZ) = r {#/)}. 0<Z) = .*{(?(/)} (lj 

n-0 

The proportional term, when .'-transformed, remains unaltered ^ Si8 " al 8ai " ° f ,he C ° S,aS ' 0 ° P ‘ Solvi " 8 fo 

so that ^ we nave 


F(Z) = K l + (6) 

Next we need the r-transform of the product of the zero 
order hold (tf’{S)) and the VCO(K vco jS) which we denote 
by 


rj//%S)-^p 

Taking r-transforms we have 


e - ST Af) 

B(Z) : {- — £ ( A ' 

S* Vco 


«, 7 , = \^coT„F<Z) ] 

[ (Z - 1 ) + A' vco GT u F(Z) J 0(Z) <U) 


Therefore, the closed loop transfer function in the Z variable , 


H(Z) = 


_ gk vco t m f W 

{z-\)Vgk vco t m f(z) 


For our case of a hard-limited, in-phase channel Costas 
loop, the loop gain, G, is proportional to the signal gain 
through the limiter times the signal voltage itself. The limiter 
signal gain depends upon the SNR into the limiter. 

Rearranging Eq. (14), we obtain 


B(Z) = 


^ V CO T „ 


H(Z) = 


GK vco T m b 

(zTT fl 

. G ^ vco r»f 


In order ro get the closed loop transfer function (and 
letting 0(Z) be the transform of 6(t) etc.), we write the z 
transform of the oscillator output phase estimates as 


7\ - \ 

“ \ v- l) / 


GF{Z) <KZ) 


Since the stability of the loop depends on the closed loop 
poles of H(Z), we consider the denominator of H(Z), which we 
denote by ZW(Z), 




>vl« \ 


Using Eq. (0) in l : q. (16) we obtain 


l+</ + />-2+l-</ = 6>0 (25) 


Gk } A'| C() T v ok f J SJ K l C() / 
,mu) - /-i : 


Setting £>//(Z) - 0 produces 

Z : +(</ + />-2)Z + (l-</) = 0 

where 


a GKj k yC() T yj 


h “ (7A / co r u 


(18) 

(19) 

CO) 


We apply the Jury stability criterion (Ref. I) to Eqs. (18) 
to (20) to determine if the loop is stable. The Jury stability 
criterion is based on the coefficients o f£V/(Z). Specifically for 
digital first and second order loops, we have 


(1) First order loop: if 


DH(Z) = a { Z + a Q = 0 ,a | >0 


( 21 ) 


and 


From condition II of (2) we have 

1 +2- <*-/>+ I = 4 - 2tf - /; > 0 (26) 

or 

4 ~ GK \ co T m ( 2A /. + a /> >0 <27) 

The present design calls for 

A' 

~ - 2~ 8 = 0.00391 (28) 

so that for stability we must have 


GK yco K j T SJ < 1.9961 -2 (29) 


The third condition is met trivially, i.e., 

1 - a - 1 = - a < 0 (30) 

which is true since 


< 1 


( 22 ) 


then the system is stable. 

(2) Second order loop: If 

DH(Z) = a 2 Z 1 + + a Q = 0 , a 2 > 0 (23) 


and 

(J) a 2 +a, +a„ >0 
00 a 2 -<», + ff o <0 
(III) a 0 -* a < 0 

then the system is stable. 

Use of condition (I) of (2) in Eq. (18) results in 


(24) 


-GK l K vco T m <0 (31) 


We conclude ficm Jury’s stability criterion that for loop 
stability we require GK yco^L < 2. At threshold condi- 
tions, it has been shown that G 0 K yco K t T 4 = 3.9046 X 
10' 3 which is much less than 2, 

As a double check on the stability result (Eq. 29) and also 
as a way of determining gain margin, we consider the 
root-locus plot for this system. To utilize the root locus we 
consider the open loop transfer function given by 


i, 


OUZ) = GF{Z)z | H°{S) — ^ 


vco I 


or 


GK, K vco T u GK.T m K vcq Z 
OL(Z) - (32) 


(Z- l) a 
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Using the notation of Eqs. ( 1 9) and (20) we have 


We conclude, then, that for stability 


(33) 


(34) 


Using the methods of the root locus (Ref. 2), which apply to 
the Z plane as well as the S plane, we know that the locus 
starts at the poles of OL{Z) with zero gain (a + b = 0), and 
terminates on the zeros for unbounded gain (a + b = °°). 
Further, the locus exists at any point along the real axis where 
an odd number of poles plus zeros is found to the right of the 
point. Using the above facts and the remaining rules of root 
locus construction yields the root locus of our digital Costas 
loop, as shown in Fig. 3. 

Since system instability occurs when the root locus goes 
onto or outside of the unit circle, it is necessary to find the 
value of “gain” (a + b) such that the locus just crosses the unit 
circle at the point Re(Z) = - 1 and Im(Z) = 0. Since the “gain” 
is given by zero and pole distances we obtain 


OIA7A = - 

1 1 (Z- l) 2 


or 


(a+b) Z- 


OUZ) 


( Z - 

\ ia + b)) 


(Z- l) 2 


co T m <2 

III. Gain Margin 

Now we shall determine the gain margin of the loop, that is, 
how many dB increase in signal level is needed to just make 
the system unstable. To determine the gain margin we must 
compute the range in G which is the product of the AGC 
output signal voltage A and the gain through the limiter a, 
which depends on the limiter input SNR { SJVR t ), i.e. 

G = a A , a = a (5A7SE.) (40) 

We do this by considering the widest prcv4(7C filter case 
(53.4 MHz = B) in which data rates vary from 4 MSPS to 
32 MSPS. First we determine the range of the signal compo- 
nent rms voltage A out of the AGC. Consider the noncoherent 
AGC model as shown in Fig. 4. Denote the input noise power 
,y N 0 B and the input signal power at threshold by S Q . Fur- 
ther, denote the gain of the AGC at threshold by £ 0 , and the 
total output power by P T > Then we have 

*0 O r o fl + S 0 > = /> r < 4 » 


or 




a + b = 


-1 


I -2 | 2 

a 

(a + b) 


(35) 


Equation (35) yields 


2a + b = 4 


or 


a + ~ = 2 


(36) 


(37) 


For stability, therefore, the locus must be inside the unit 
circle, so we require 


K) 


<2 


(38) 




At a higher input signal level, S t , we have 
* t Wo B * S l) =P T 


or 


'■ ' ( v * s .) 


(42) 


(43) 


(44) 


where is the AGC gain when the input signal power is 5, . 
The output signal power component for each case is 


P n “ S a g, 


o*o 


This condition Is precisely the same as that derived from Jury’s 
stability criterion (Eq. (26)). 


p * s t 

t i *t 


(45) 

(46) 




- if *** * * " -■ 
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Hence, the dynamic range of the output signal power is given 
by 


or 


v .,£* s o? i 

" V s , s . 


(47) 


At the lowest data rates (4 MSPS) in which the 53.4 MHz 
bandpass filter is used and at the lowest value of EJN o 
(-4 dB), we find that the SNR % in 53.4 MHz, is given by 


= K £ = H51dB 

o 


The limiter suppression factor is equal to 


(54) 


A' B 


+ 1 


L i 


A' B 

0 


(48) 


Then, when the final SNR is very large, Eq. (48) approaches 


P. 

nr = SNR 0 ' + l 
0 


where SNR 0 is the input SNR at threshold, i.e. 


(49) 


a Q = erf (V 0.398) = 0.627 


(55) 


At the maximum data rate (32 MSPS) and the maximum 
value of E JN o we find that the SNR m 53.4 MHz is 


E R 

SNR , = -TJ- ~ = 9.8 dB 
1 N B 

o 


and the corresponding limiter value is equal to 
a, *■ erf (y/TSS) a 1.0 


(56) 


(57) 


W/? o " A Fb 

O 


(50) 


Now the direct component loop gain GK y K L T increases 
by the ratio a^/o^ where (o^/o^) is the ratio of limiter 
suppression factors. The suppression factor is given by 




(51) 


where 


Therefore the direct component loop gain at the maximum 
data rate and the maximum value of EJN q , assuming that 
it is set to threshold at the lowest data rate (4 MSPS) and 
lowest value of E JN q (-4 dB), is given by 


r~~ G 0 fC L K v T A = 3.48 X 10“ 2 (58) 

0 


where we have used Eqs. (48), (53), (55), (57) and the fact 
that G^K^KyT^ = 3.904 X 10“ 3 at threshold. We conclude 
that the gain margin (GM) is 


erf(*) * -p-f e 


* V 


dy 


(52) 


The signal voltage ratio into the loop (out of the AGC) is given 
by 


A i _ '/Eh _ 

V^o*o 


(53) 


GM = 20 log / - ) = 

\3.48 X lO’V 


* 35.2 dB (59) 


when M * 4. It, therefore, is clear that the loop is quite stable. 


IV. Conclusion 

In the present digital Costas loop design with M * 4, there 
is about 35 dB of gain margin. Further refinement in the 
model will be discussed in a later report. 
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Pre-A/D Filter and AGC Requirements for Multimegabit 

Telemetry Data Detection 

J. K. Holmes 

Communications Systems Research Section 


This article presents a candidate pre-A/D filter bandwidth versus data rate design for 
the Multimegabit Telemetry Demodulator /Detector, which is based on considerations 
of A/D bias, quantization errors, and automatic gain control (AGC) effects ; as well as 
the deleterious effects of filtering. 

Two methods of gain control of the input level to the A/D converter are considered. 
The first method uses a particular value of gain , according to which bandwidth is selected. 
The second method uses a second narrowband noncoherent AGC (in the LPF bandwidth ) 
to attempt to keep the A/D input level constant . This second method reduces the BER 
degradation slightly but appears to be more difficult to implement . 


I. Introduction 

The purpose of this article is to develop a table of data rates 
vs the pre-A/D low-pass filter requirements for data detection 
(as an initial design) for the Multimegabit Telemetry Demodu- 
lator/Detector assembly, and to specify the types and the 
number of automatic gain controls (AGCs) needed. To do this 
task, it was required to consider the bit error rate (BER) degra- 
dation due to the effects of AGCs, A/D quantization, A/D 
bias, phase detector saturation, and the number of AGCs 
required. The system under consideration is shown, in a simpli- 
fied form, in Fig. 1 . Since data demodulation was the primary 
concern, the upper arm of Fig. 1 is the system under primary 
investigation. 

The system philosophy is to arrange the sample rate, via the 
rate buffers, so that the internal sample rate out of the rate 


buffers is at four times the data symbol rate. Further, internal 
sample rates (data handling rates) are reduced to one fourth 
the symbol rate into the loop filter. 

The noncoherent AGC is important also since the signal 
component variations out of the phase detectors (multipliers) 
can tolerate only so much dynamic variation before they are 
affected by dc offsets at weak signal conditions or, at the 
other end, limiting occurs at strong signal plus noise power 
conditions. 

The narrowband noncoherent AGC, if used, can better con- 
trol the signal and noise over the data rate extremes for a given 
filter bandwidth than can the gain set approach that fixes the 
gain for a particular bandwidth (see Fig. I). However, the 
advantage in reduction of BER degradation is rather small and 
the implementation advantage of the filter-determined gain 


* 



- +12 dB 


(4) 


select might well he the ovci tiding tucloi Looting the l.ittei 
JppHMCh. 

ILoed on the timclionnl leqmteimMH ilesenphon the 
symbol error rate degiudution ts 0.5 it H trotn theoretical below 
10 Msps atul l ilB horn theoretical abou* 10 Msps. foi symbol 
S\R /\ v V (J > 4 dB. 

II. Dynamic Range Considerations 

hirst we consider the d\ namic ranee requirements of the 
wideband noncoherent AGC [see Fig. I | having me-AGC 
muse bandwidth B. From Kef. I. the ratio of the signal power 
component out of a noncoherent AGC at an input SNR given 
by SXR - oi S A'/y, to the signal power component out of 
the AGC at an input SNR given by SXR J =a f .V X Ji was 
shown to be (see Fig. 2). 


1 


r vyn 



1 + - 

xjV 
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where .V is the one-sided noise spectral density, R is the noise 
bandwidth of the BFP preceding the noncoherent AGC, 
or / (/ = 0, I ) is the filter loss through the BPr, and S is the 
unfiltered input signal power. This result, hq. ( 1 ), applies tit 
both the wideband and narrowband noncoherent AGCs. 
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Therefote tlte ma\imum value of the AGC input SNR is given 
as 


// \ 

/« \ 


L') <V 

, j ' s .7 dll 

( 5 ) 

\l< 1 


111 ,1 X 


foi the maximum /• .V value and maximum svmbol rate of 
52 Msps and with Oj “ 0.S7. Therefore, the ratio of maximum- 
to-minimum wideband noncoherent signal power is. by hq. I, 

1*1 

~ 51.2 dB <(>) 

1 o 

it follows that the dynamic range of the phase detectors 
(multipliers) must be 31.2 dB. If this dynamic range is too 
large, one option to reduce it would be to narrow the bandpass 
filter bandwidth at the lower data rates by. say, 10 dB so that 
file effective dynamic range would be only about 21 dB. 

III. Approximate BER Degradation due to 
Quantization and dc Offsets 


Now we shall determine the dynamic range of signal power 
out of the noncoherent AGC. First determine the minimum 
wideband noncoheient AGC input SNR. The minimum value 
of RJX is given by 



St> that the minimum AGC input SNR is given by 


The Computer Labs MOD-4100 A/D converter was chosen 
for the rnultimegabii system. It has a dc accuracy of 
10 MV ±1/2 of the least significant bit. It has four-bit 
resolution so that we have four bits per sample. We consider 
the worst case data rate range 1 when the rate buffer sets k = I , 
and therefore the ,t itistic (a sample and dump filter), based on 
sampling four samples per bit on which bit decisions are made, 
is 

f,, = £ | g (y/oA f + A',) + b' + e ( | (7) 

I- I 



-31 dB 


(3) 


where the bandpass filter has a bandwidth of B * 60 MHz, and 
the minimum symbol rate ( R a ) of 1 25.000 sps through it. and 
a at 1. 

o 


where A i is the sampled signal voltage. is the sampled noise 
voltage, b i is the sampled dc bias, a is now the power filtering 
loss through the low-pass filters (having bandwidth B ( P \g is 
the product of AGC voltage gains, and e ( is the sampled 
quantization error. Based on this statistic, we will derive an 
expression for the matched filter output SNR in terms of the 
quantization spacing. A/,. and the bias b. Since our analysis is 


The maximum value of S JN o is given by: 


1 See Table t. 
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only meant to he approximate, we neglect intersymbol 
interference, which will be (approximately) accounted for by a 
separate calculation. 

First note that (letting /•(•) denote the ensemble average) 

t: [ V (] = V A /> < s > 

with B IV being the low-pass filter bandwidth preceding the 
A/D converter. Now the mean output signal of the sample and 
dump filter (just before dumping) is given by 


/:’[ i\ } \ = ^2 0 W&ij* b.) = 4g\/oui+4b (4) 

I- i 

assuming the voltages satisfy A i = A and b f = b with a being 
the power loss due to filtering of the LPF (see Fig. I) 2 . The 
variance of the output statistic is given by 

4 4 

Var(t’ () ) = A Y, + E Z c , 2 C°) 

i- 1 i- i 

If A/, is the quantizer spacing, then (assuming a uniform 
distribution) 


where we have used 2T f ~ 1 lff f The bracketed term is the 
degradation in terms of the quantizer spacing A/, and the 
quantizer bias voltage b for a given bit and given bias. 

The Computer Labs Mod-4100 A/D Converter has a 4-bit 
resolution and a maximum input range of ± 2.1 volts, so that 

A/. = 0.2625 volts (14) 

IV. Candidate Filter Bandwidth Versus Data 
Rate Design 

As was mentioned in the introduction, the basic philosophy 
in the digital demodulator/detector design is to minimise the 
analog filter count and to set the internal sample rate 
(processing rate) at four times the data symbol rate out of the 
rate buffers (see Fig. I). This way everything after the rate 
buffers can be scaled according to data rate. 

The two basic requirements of operation into the A/D 
converter are, one, that the signal plus n Q times the rms noise 
be less than the one-sided A/D input voltage range, or 

*S\B + W.VB ( 1 5) 

The second requirement is that the signal voltage into the 
A/D converter shall always he bigger than h, or: 



(ID 


W VB 2* b n h (16) 


Therefore, the output SNR U given by 


SNR" 

O 


(4gA \/q + 4 b)* 

Vna.'ht- 


( 13 ) 


Rearranging, and using the fact that the symbol duration 
T ■ 4 T t , with T f being the time between samples, we obtain 


SNR, 




i, m. 

. W.hS 


03 ) 


3 TMi is a first-order correction for tot effect doe to nitertaf. 


where g WB is the noncoherent wideband voltage AGC gain, 
g NB is the noncoherent narrowband voltage AGC gain, V is 
the one-sided quantizer input range, and n Q and n b are 
confidence safety factors (numbers greater than one). To keep 
the BER degradation down to around 0.5 dB or less, below 10 
Mips, B lp T should be greater than about 1.7 (Ref. 2). Above 
10 Msps, B t p T should be greater than 0.8 to hold the BER 
degradation to about I dB (Ref. 2). 

Table I illustrates a candidate filter design that requires six 
analog low-pass filter pairs (B LP %) and should keep the 
symbol BER just about within specifications. 


V. Comparison of the Filter-Controlled Gain 
Approach With the Coherent AGC 
Approach 

la this section we will compere the relative performance for 
the case that the signal plus noise into the A/D is controlled by 
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a fixed gam, set according to the low-pass filter bandwidth on 
one hand, and to the narrowband noncoherent A(»C to control 
the signal plus noise into the A/D on the other hand. We will 
consider the 26. 7-Mllz filter data rate range since it opeiates 
over the largest data rate range. 

Case I: filter bandwidth controlled gain 

First we consider tfie case when the selection of a particular 
low*pass filter pair specifies a fixed gain into the A/D 
converter based on achieving acceptable hit error rate degrada- 
tion. 


assuming an ideal low-pass filter preceding the A/D converter, 
it follows from Hq. (20), with the fact that ii f p T = 0.83 and 
Qj “ 0.87, that the rms noise voltage into the A/D converter is 
given by 

AA7 = °- 47 -v»ks <-i; 

From Fq. ( 17), it follows that the signal voltage into the A/D 
converter is given by 


At the highest data rate (32 Msps) and at an KJN 0 (3 dB), 
which will provide a nominal maximum bit error ra te of 
I X 10"*, we require that Fq. ( 15) be satisfied as follows: 

*wn*„ [vV 1 , + ", < r = -•! vi,1|s 

(17) 

where g n is the filter-controlled gain value fixed to the 
26.7-MHz filter. This gain g o is in lieu of the narrowband gain 


*wnX<, Vo, -1 1 * 0.684 volts (22) 


Now it is easy to check to see if the condition of Fq. ( IN) 
has been satisfied. V\e have 


"/> = 


*WB*o A 


0.684 

0.0\ 


68.4 


(23) 


which, as we shall see, causes a negligible degradation. 


At the lowest data rate (4 Msps), for the same filter, and the 
same gain setting, and with the minimum £ //V , (-4 dB), 
we require that Eq. ( 16) satisfy: 


From Fqs. (13), (!4), (21), and (23). the resulting 
degradation-* due to bias and quantization only (the filtering 
losses will be considered below) is 


*> VB*o'/*2 A 2 * H h b ,,S) 

where b - 0.01 v dts and n h should be at least 3 and preferably 
larger, and the subscript 2 denotes a different level of that 
variable. Now using EJ N o m 2.0 (3 dB) we concluile that the 
SNR into the AGC (see Fig. I) satisfies 


DECK ( A , ) 


( V ^ 0l |' 4 \ g <# WB x j 


1 + 


a/.) 2 


* I. Wfl 2 



Letting n g * 3.0, which is equivalent to considering a 3o noise 
amplitude, we obtain from Eqs. (17) and (19) 


*WB t ‘o^ N o B Lr 



2.1 volts (20) 


or 

DEGR(4 t ) - 0.24 dB (25) 

Now consider the degradation due to filtering, which 
includes power loss, distortion, and intersvmbol interference 
effects. 


Now since B Lf T • 0.83 at this maximum symbol rate (see ^ k * W(Hlt caw ^ jt tHg biil , * 

Table 1) we can determine the Altering loss to be o, ■ 0.87, always “bucking" the ugui. 
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Since the baseline LPFs are 2-pole filters with /y ; p T = 0.84, 
we have that the loss, from Ref. 2, 4 is about 0.6 dB. 
Therefore, the total degradation of about 0.K4 dB is to be 
expected at the maximum data rate (42 Msps). Hence using 
p = 26.7 MHz and a symbol rate or 4 Msps at BJN = 4 dB 
we have 


Db.GR r() r = 0.84 dB (26) 

This degradation does not include carrier loop or bit 
synchronization loop tracking inaccuracies. When /f /<V #| 
* -4 JB again at the highest data rate i; can be shown that the 
degradation increases less than 0.1 dB so that the total 
degradation is about 0.9 dB. 


We can now compute the SNRs in the bandwidth B\ 



It follows from Eqs. (28), ( M ), and (42) that 


Equations (21) and (22) apply to the case the highest data 
rate is in effect along with the assumption that the symbol-to- 
noisc spectral density ratio is 4 dB and the gains, g o and^^/j , 
are set to satisfy Eq. ( 1 7) at BJS o = 4 dB. 


' wn , 


* WH . 


/i+0‘)2j«- s 
y/ I + 0.0203 ' * 




Now consider the case that the lowest admissible data rate 
(4 Msps) of tire 26.7 megahertz filter is used (see Table I ) ; t d 
the EJi\ o ratio is minimum (-4dB). Since the same I.PF 
bandwidth is used, the gain will be unchanged. However, 
the wideband noncoherent AGC will change gain since the 
signal powei has been reduced. To compute the new gain level 
of the noncoherent AGC, we equate the noncoherent output 
power under strong and weak signal conditions so that 

£</wfi ^ [ a \ A t + 3 *Jwn 2 [ a 2 A 2 + 

(27) 


From Eq. (27) we can obtain the ratio of gains: 


We can now compute the new noise power associated with the 
lower symbol rate and lower /;'y,VA From Eqs. (21 )and (44). 
we obtain 


A*,./- = A." <'J72) = 0.(>4S volts 

(44) 

illustrating the fact that the noise level has increased from the 
strong signal result of Eq. (21 ). 

From Eq. (22) we can compute tf new signal voltage into 
the A/D converter 


*wb 7 /SNR. + l 

r-'vATr 

where the SNRs out of the filter preceding the wideband AGC 
is given by 


A- 1 . ) J 1 7 dB 

i 10 log (f) t 10 log (jjjy) 
t:0 log (1.37:) (35) 


a A] 

- nj 


where, for example, i 7 dB means reduce the previous 
quantity by 7 dB. We have 


SNR, 


v „* 


(30) 


*Jt WB V^/l 2 * 0.I5K volts (46) 


4 The degradations computed here were at a BER * I0** s ,and were the From Eqs. (13), (34), and (36) the resulting degradation 
only one* available. (neglecting the filtering loss) is 
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DFGR (A 2 



0.01 j 2 

0.158/ 



0.63 dB 


(37) 


Now the filtering losses with the low data rate correspond- 
ing to B tp T = 6.68 obtained from Ref 2 is 0.10 dB, so that 
the total degradation at £ //V - -4 dB and at a symbol rate of 
4 Msps is given by 


DEGR tqt = 0.73 dB (38) 

By comparing Eqs. (26) and (38), it is clear that the high data 
rates suffer greater BER degradation. 

Case fl: narrowband noncoherent AGC controlled gain 

Now we consider the case where a narrowband noncoherent 
AGC is used to control the signal-plus-noise level into the A/D 
converter, rather than a fixed gain in addition to the wideband 
noncoherent AGC. Using the same initial gain conditions at 
the high EJN q (3 dB) as in the fixed gain method, we have 
from Eqs. (21) and (22), 


(<„»,*»», )' ("A E 0.831 volls 2 

(43) 

Now since the wideband noncoherent AGC gain has 
increased by the factor 1.372 ( r q. 42), we find that the new 
noise voltage and signal voltage into the narrowband AGC are 
given by 


g WB g Q #Ap = 0-372) (0.472) = 0.648 volts 

(44) 


and 


(g WB g Q Vv 2 ) 2 = (0.684) 2 ( 4 7 dB 4 10 log 
t 20 log (1.372)j 

g WB 2 g o y fi*2 A 2 ~ 0 ,58voltS (45) 


g NB g WB t Wlp = 0.472 volts 

(39) 

The result of Eq. (45) can be verified using Eq. (1) directly. 
Now the narrowband noncoherent AGC gain must be set so 
that the total power given by Eq. (43) is maintained at the 
output; therefore, it must be true, using Eqs. (43), (44), and 

g N3 g WB l ^, s 0.684 volts 

(40) 

(45), that 


and, furtb^ r the same degradations occur as before since the 
signal voltage and noise voltage are the same. Therefore, the 
total loss is as before (Eq. (26)) 



[(0.648) 2 + (0.1 58) 2 ] = OX' I 


(46) 


DEGR tqt = 0.84 dB (41) 

Now we consider the effect of both the wideband and 
naiTowband noncoherent AGCs at the lowest symbol rate 
(4 Msps) and minimum EjN o (-4 dB) for the 26.7-MHz filter. 
The wideband noncoherent AGC sets the gain as before, from 
Eq. (33), and increases with weaker input signal by the ratio 

g WB. 

-* 1.37:; (42) 

g WB t 

Notice that the narrowband AGC output power is deter- 
mined by Eqs. (39) and 40), i.e., 


or 


g NB 2 



Therefore, the signal voltage out of the narrowband 
noncoherent AGC is given by 

g WB g NB g o * °- ,58x (-37 * 0.216 volts 

(48) 

g WB g NB g o * 0.648 X 1.37 * 0.888 volts 

(49) 
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[ tom (Ik* degiadation lesult, Kj. (15). tins new signal ami 
noise level pioducc a degiadation ot 


PbC A’ 


tor 


0.54 dB 


VI. Conclusions 

An initial low -pass pic- A D conveiiei flllfci bandwidth 
veisus coded symbol late table has been const meted and 
shown to meet t ho essential HI R degradation specification 
while lequuing only six low-pass filter pans. 

The degradation due to tlltenng when = o.oNwas Futthci lefinements in the BFR degiadation will be 

already tound to be 0.10 dB so that the total degradation is consideied m a latei DSN aiticle. 
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Table 1. Candidate fitter BW vs symbol rate 


Oata rate 

lpi »\\ 

Sampling 
i a ic 

Hate 

Inilter 

71/ ;•*' 

Samples 

Msps a 

Mil/ 

*’V , 

M spe* 

dtv isor 
K 

per 

S> nihol 

16 - 32 

26.7 

64 - 128 

1 

2.4 - 4 8 

4 

8-16 

26 7 

64-128 

2 

2.4 ♦ 4.8 

8 

4-8 

26.7 

64 - 1 28 

4 

2.4 -4.8 

16 

2-4 

13.35 

32-64 

4 

2 4-48 

16 

1 -2 

6.68 

16-32 

4 

2.4 -4.8 

16 

0.5 - I 

3.34 

8 - 16 

4 

2.4 -4.8 

16 

0 25 - 0 5 

1.67 

4-8 

4 

2.4 - 4 8 

16 

0.125 -0.25 

0.83 

2-4 

4 

24 -4.8 

16 


J Tho notation 16 — 32 denotes the range of 16 to 32 Msps. I or exam* 
pie, a data rate of 32 Msps corresponds to a sampling rate of 128 Msps 
and a ratio of data rate to low-pass filter BW of 4.8. 
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Recovering the Spectrum of a Narrow-band Process From 

Syncopated Samples 

P. H. Milenkovic 

Communications Systems Research Section 


Lossiessly sampling a band-limited narrow-band process at an average rate equal to the 
Nyquist rate may require a nonuniform sampling strategy. One such strategy is phase 
quadrature sampling , in which a process of bandwidth B is sampled at rate B in each of 
two channels where the two channels are tt J2 out of phase at frequency B. Phase 
quadrature sampling is a special case of syncopated sampling, where the phase between 
channels is fixed but arbitrary . A simple method for recovering the spectrum of the input 
process from syncopated samples is derived. The derivation indicates what values of phase 
between channels result in lossless sampling. 


I. Introduction 

Band-limited narrow-band processes can be lossiessly sam- 
pled at rates which correspond to the Nyquist rate for the 
passband width rather than a rate of twice the highest fre- 
quency present. This is accomplished by sampling at periodic 
but nonuniform intervals (Refs. 1, 2 and 3). Time domain 
interpolation formulas are known for recovering the original 
process from such samples (Refs. 1 and 2). The general ap- 
proach is based upon syncopated sampling, where a process of 
bandwidth B is sampled in two channels at a uniform rate B in 
each channel and a phase offset 0 between channels. With 
phase quadrature sampling, 0 is equal to ir/2, or one-fourth, of 
a sample interval. A simple method for recovering the spec- 
trum from two channels of samples is derived. 

The current motivation for studying syncopated sampling is 
the Wide Band Data Acquisition System (WBDAS), which is 
used to collect data for Very Long Baseline Interferometry 


(VLBI) clock synchronization measurements (Ref. 3). The sig- 
nal entering WBDAS from a station receiver is centered at 50 
MHz and has been bandpass filtered so that most of its energy 
is in the range from 25 to 75 MHz. The WBDAS samples, 
quantizes, and records this signal. 

In the WBDAS, phase quadrature sampling is employed. 
What this does to the signal is similai to what is done by single 
sideband demodulation, but without the side effect of signal 
group delay from an analog demodulator. The narrow-band 
signal s(r) going into the sampler can be expressed in terms of 
cosine and sine components, x(t) and y(t). relative to the 
u> 0 * 2ir (50 MHz) center frequency: 

r(f) = *(f) cos (cj 0 f) +y(t) sin (u> 0 t) (l) 

Both x(r) and y(t) are baseband processes of bandwidth 
25 MHz. The in-phase channel samples are taken at times nT 
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ami the quadrature phase channel samples are taken at times 

(// + 1/4)7 where n is an integer and 1 is 20 nsec. The in-phase s 2 ^ = ^ l* (mT + 1 o )\ (h) 

channel samples are: m — « 


s(nT) - x(nT) • 1 + y(n D * 0 
*.v(«D 

and the quadrature channel samples are: 

* H 7 ] =.v[(«4) r ]-° + - , {( M+ ?) 7 '] *' 



The two channels contain uniform samples at the Nyquist rate 
for .v(r) and v(f), respectively. The quadrature sampling 
scheme can thus be intuitively viewed as a combination of 
demodulation and uniform sampling. 


T = sampling interval foi both channels 
T = time offset between the two channels 

o 

The resulting sampled signals on the two sampling channels 
are: 

.V,(f) = s^nxV) (7) 

and 

.v 2 (r) = i 2 (r).v(r) (K) 

Next, the effect of sampling in the frequency domain is 
considered. Fourier transform pairs are denoted as follows, 
using capitals in the frequency domain: 


Uniformly sampling s(f) at a rate equal to the average rate 
of the phase quadrature scheme will result in the loss of 
information. Sampling at times nT , where T is 10 nsec, gives 
the following result from Eq. (1): 

s{nT) = x{nT)(-\f (4) 

The result is that while x(f) has been sampled at a rate of 100 
MHz or twice the Nyquist rate for a 25 MHz baseband signal, 
v(r) has been completely lost. 


*</)-*(/) 

A ,(/) 

X 2 (f)~x 2 (t) 

The sampling functions can be written in the time domain as a 
sum of exponentials: 

*,(/> = S i‘ 2nimtlr < i » 


II. Recovering the Spectrum 

The spectrum of a band-limited narrow-band process of 
bandwidth B will be recovered from two channels of uniform 
samples taken at rate B where the two channels are offset by a 
phase 0. Being able to recover the spectrum indicates that the 
sampling is lossless as the process can be recovered by taking 
the inverse Fourier transform of its spectrum. This syncopated 
sampling scheme gives us the spectrum for any center fre- 
quency of the narrow-band process. One restriction is that 
given the center frequency, there are values of 0 for which the 
method breaks down; these values are specified here. 

The input signal x(f) is sampled by two impulse trains s , (t) 
and s 2 (/) where: 


*,(/)• E THt-mT) (5) 



s 2 (r) = E e-> mB e 2nim ' IT (10) 

where 0 = 2nTJT 

The frequency translation theorem X(J + x(t]e 2n Ho* 
results in: 

*,(/)= E A ( /+ ?) (") 

X 2 (f)= E *(/+?) d2) 

The purpose of this discussion is to describe circumstances 
under which X(f) can be recovered from A", if) and X 2 (J). 
Suppose Jf(r) is band-limited to the range / e </</ 8 + l/T and 


- 



-1 IT-I\ </<-/ v . Then for /„ </</ c + 1 IT. 
(12) reduce to: 

Eqs. (II) and 

*,</> = .)■(/) + X {j +j) 

(13) 

■v,(0 = xu)+e-" 7, ° x (/+"!-) 

(14) 

where m in an integer function of /satisfying: 


”/i2 “ + ^ "/? 

(IS) 

It then follows that: 



the Nyquist rate. 1 his system can be expressed as two channels 
of sampling run at ute l/7\ offset ir. time by 7/2. Equation 
( !b) reduces to 

XU > = \ (A , (./ » + A ,(/ )| (l‘>) 

which by Eq. ( 1 7) and ( 1 8) results in 

XU') = I £ '("() *• 2n "'"~- OO) 

/I ' - « 

which, in fact, corresponds to uniform sampling at rate 2/T on 
one channel. 


*,(/)- e> me XJJ) i 

(H x(f) = — rxr-- for/ s </</ s +y 


1 - e 


/md 


, U6) 

(ii) X(f)= X* (-/) for “/ c 

(iii) A r (/) = 0 elsewhere 

where * denotes complex conjugation. Property (ii) is a con- 
sequence of .v(f) being real valued. 


B. Quadrature Phase Sampling 

The second special case is quadrature phase sampling. Here, 
the sampling period on each of two channels is I\ and the 
sampling times op the two channels are offset by 774. This 
type of sampling is applicable to narrow-band signals of band- 
width I IT centered about frequency 1/7’ \or some integer 
multiple of 1/7"). Considering the signal to be centered about 
\/T: 


f -L 


■? < / < ~\ T 


T 

4 


III. Examples t 

•n - -2 d = 2ir ~r = — 

In this section, the method for computing A ’(f) is applied to * 

specific cases. First and X 2 (f) are expressed in terms of 

the samples: which by Eq. ( 1 6) results in 


*,(/) 



x, (t)e' 2ntft <Jt 


J x(mDe- ulfm ' 

m = -°° 


(17) 


* a (/) 



Xj(/)e 2 1,1 ft (it 


(18) 


■ Te -iefT ^2 x(mT + TJ e' 2f,lfmT 

m=-“ 


A. Uniform Sampling 

The first case is uniform sampling on one channel of a 
baseband signal of bandwidth 1/7’. The sampling rate is 2 IT, 


W) l*, </) + *,(/)) :2D 

Employing Eqs. (1 7) and (18) to express .Y,(/) and X 2 (f ) in 
terms of the samples gives: 

W)“t|e x{mT)e-W* T 

* 2 * [( m+ i) r ] e ~ 2 * lf + r J 

{ < f < y (22) 

For the channel offset T a differing from 774, one can still 
formulate X(f) in terms of X x (f) and X 2 (f) by way of Eq. 
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(16). The quantity 0 will differ from tt/ 2 ami the forimila will 
be more complicated than lq (21 ). When the sample offset is 
T 0 - 7’/2, then 0 - rr and L'q. (16) becomes singular as 
1 - c fmt * becomes zero. Since this corresponds to unifoim 
sampling on one channel, uniform sampling will not work for 
this passband at the average sample rate used foi quadialure 
phase or syncopated sampling schemes near quadrature phase. 


Finally, taking the inverse Fourier transform of Fq. {22) 
gives the sample reconstruction formula for quadrature phase 
sampling. 


sin (“ (/ - mT)\ . 

E \ / f 2nt 

\{ml) cos 

* it mi) 1 


C.h 


. v / t t\ s,n r ['■("'* 4>'] 

♦ L . ■' " ,r, 4 . r , 1,1 ”t 

7-['- 'J 


This formula has been obtained before b> working directly in 
the time domain (sec Ref. 2). 


References 


1 . Woodward, P. M„ Probability and Information Theory with Applications to Radar , pp. 
3405, McGraw-Hill, New York, 1955. 

2. Grace, O. D., and Pitt, S. P., “Quadrature Sampling of High-Frequency Waveforms.” 
Journal of the Acoustical Society of America, Vol. 44, No. 5. pp. 1453-1454, 1968. 

3. Hurd, W. J.. “Preliminary Demonstration of Precision DSN Clock Synchronization by 
Radio Interferometry," Deep Space Network Progress Report 42-37 pp. 57-68, Jet 
Propulsion Laboratory, Pasadena, California, February 15, 1977. 

4. Ahmed, N., and Rao, K. R., Orthogonal Transforms for Digital Signal Processing . 
Springer-Verlag, Berlin, Heidelberg, New York, 1975. 

5. Oppenheim, A. V., and Schafer, R. W., Digital Signal Processing , Prentice-Hall, Engle- 
wood Cliffs, New Jersey, 1975. 



N 79 


25096 



DSN Progress Report 42-51 


March and April 1 979 

$ 


Installation of the Mu2 Ranging System in Australia 

A. I. Zygielbaum 

Communications Systems Research Section 


The Mu 2 Ranging System has been installed at DSS 42/43 in Australia. It was used to 
support the 1979 Viking Relativity Experiment and is currently supporting Voyager 
Navigation and the Advanced Systems Program . This article describes these tasks as well 
as Mu2 software and hardware modifications prior to installation. 



I. Introduction 

In October of 1978, the Mu2 Ranging System was installed 
at DSS 42/43 in Australia. The Mu2 is a research and develop- 
ment tool which has supported all range transponder-bearing 
spacecraft since Mariner Venus Mercury 1973. It has provided 
the data required by several Theory of Relativity experiments 
and investigations into the nature of the solar corona In the 
present case the Mu2 corroborated laboratory research by 
utilizing the Voyager 1 and 2 spacecraft and obtained data for 
the Viking Project Test of General Relativity. This article re- 
ports the rationale leading to the installation in Australia, the 
results of the effort, the engineering involved, and the in- 
tended future use of the Mu2. 

Let us review, in a most cursory fashion, some of the fea- 
tures of the Mu2 (Ref. 1). All ranging systems measure the 
round trip time delay involved in transmitting a signal to some 
object and receiving a corresponding echo. The Mu2 is a binary 
sequentially-coded ranging machine. Its signal is a square wave 
whose period is regularly doubled. The signal is phase modu- 
lated onto a carrier, transmitted to a spacecraft which tran- 
sponds it back to earth. The phase difference between the 
transmitted and received square waves is a direct measure of 
time delay (and an indirect measure of range). Detection and 
correlation of the received signal is accomplished digitally in 
the Mu2. This distinguishes it from the standard DSN ranging 


system, the Planetary Ranging Assembly (PRA), which uses 
analog techniques. Digital radio frequency signal processing 
allows the Mu2 to be fully automatic and exceptionally stable 
in performance. 

Other distinguishing features include full two channel 
(usually S* and X-band) operation and square wave range codes 
up to 8 MHz in frequency. The PRA, on the other hai.3, is 
limited to having only a single code available on its second 
channel and a maximum code frequency of 500 kHz. The 
advanced .v vare system, within the Mu2, facilitates radio 
science measurements under adverse signal conditions and also 
aids research into new ranging techniques. 

This article is organized into four sections. First the ratio- 
nale behind the reinstallation of the Mu2 into the DSN will be 
presented. Second the significant results of the effort are de- 
scribed. Third, we explain the hardware and software changes 
implemented in the Mu2. Finally, in the last section, the fu- 
ture of the Mu2 is proposed. 


Installation of the Mu2 at DSS 42/43 was motivated by the 
Viking Radio Science Team, the ongoing advanced radiometric 
research program and the DSN commitments for Voyager 
Navigation. We discuss each in turn. 


II. The Why 
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A. Viking Radio Science 

During 1 97b, (he Mu2 successfully supported both the solar 
corona and the Theory of Relativity experiments when Mars 
went through superior solar conjunction. Facilities available in 
the Mu2 software and hardware allowed it to reliably obtain 
range data when the radio ray-path was close to the solar disc. 
These include: 

( 1 ) Full dual channel operation which allows measurement 
of S-X differential delay to a maximum of 2 seconds. 
The PRA is limited to 2 nsec differentials. 

(2) Full correlation voltages allow real-time assessment of 
range validity even when Doppler is unreliable as dur- 
ing solar conjunction. 

(.1) Extensive clean-up of noisy Doppler signals by a quad- 
lature filtering technique enables the Mu2 to range dur- 
ing periods of great carrier phase jitter. 

(4) Any of the range codes (8 MM/ to 0.5 H/) available on 
the Mu 2 can be used as the initial or highest frequency 
code. Thus the precision of the range measurement can 
be matched to the modulation phase jitter in the range 
channel. Time is not wasted on integrating components 
whose period is a small multiple of the phase jitter 
thereby increasing data yield. 

(5) Fully automatic operation removes error sources due to 
incorrect phasing of the range code demodulator 
10 MHz station reference and inconsistent manual 
adjustment of analog front-end attenuators. 

(6) The Mu2 uses ‘‘Tutorial Input” (Ref. 2) as an operator 
interface. This highly interactive system enables real- 
time modification to parameters in response to chang- 
ing signal conditions. 

Due to these capabilities, the Mu2 has ranged demonstrably 
closer to the Sun than the PRA. The results of the 1976 solar 
conjunction include a four-fold improvement in the confirma- 
tion of Einstein’s Theory of General Relativity (Ref. 6 ). Rcin- 
stallation of the Mu2 into the DSN was requested by the 
Viking Radio Science Team for coverage of the January 1979 
Mars superior solar conjunction. 

B. Advanced Radiometric Research 

An article by Layland, Zygiclbaum and Hubbard (Ref. 3) 
described experiments which used frequency band-limiters to 
remove distortion from the received or “downlink” ranging 
signal. Recall that the Mu type ranging systems (Mul, Mu2 
and PRA) suffer from wave form distortion of the range code 
due to asymmetric amplitude and phase distortion of harmon- 
ics of the range code square wave. This problem is compounded 
by a mismatch between the actual correlation function pro- 


dt cod by the ranging hardware and that assumed by the soft- 
ware. In essence, the software assumes that the returned signal 
is a square wave while limitations of the DSN transmitter, 
spacecraft transponder, and, to a lesser extent, the DSN re- 
ceiver, leduce the signal U> a badly distorted sine wave. 

When using the normal 500-kHz high-frequency code, 
about 18.5 ns of peak- to-peak range error appear during rang- 
ing pro- and post-track calibrations through the test translator. 
Measurements when using the proof test MVM ’73 transponder 
showed distortions of 7,4 ns. The transponder has less error 
because it ts band-limiting at ±1.5 MHz. thereby removing the 
adverse effects of distorted fifth and higher-order harmonics. 
Unfortunately the third harmonic is still propagated and in 
fact is further corrupted by the transponder. 

Ranging accuracy can be enhanced by simplifying the spec- 
trum of the range code. One way to accomplish this is to 
utilize a I -MHz initial code. The I -MHz squaie wave is cor- 
rupted in transmission to the spacecraft. Fortuitously, how- 
ever, the band-limited transponder will filter out the 3-MII/ 
third harmonic as well as all higher harmonics prior to any 
nonlinear transponder elements. To remove any harmonics 
generated by the spacecraft transmitter or within the DSN re- 
ceiver. a hand-pass filter is installed in the receiver IF line con- 
nected to the Mu2. In this manner the Mu2 is presented with a 
well-scrubbed sine wave corresponding to the fundamental fre- 
quency of the range code. Using this technique, the laboratory 
measured peak-to-peak error was about 1 ns during station 
calibration and 0.6 ns with the MVM 73 transponder. The 
system configured to 1 MHz also exhibited less sensitivity, in 
terms of range error to different transmitter modulators 

The logical continuation of these tests was to tzv the tech- 
nique with a spacecraft. As discussed in the next subsection, 
the Voyager Project provided the spacecraft. 

C. Voyager Navigation Requiremanta 

During the summer of 1978 it became apparent that some 
difficulty was being experienced in meeting the 4.5 \/2-mcter 
interstation range accuracy requirement of the Voyager 
Project. Ranging of this precision was required to assure ade- 
quate navigation margins during the Voyager Saturn encounter. 
During the period immediately prior to the encounter, the 
spacecraft will be near zero declination where Doppler will 
not provide angle data of sufficient precision to navigate the 
encounter. 

Accurate navigation is jeopardized by large range biases 
which had been observed between DSN stations. Even between 
conjoint, i.c., almost colocated, stations, biases were on the 
order of 4 meters. It was decided that the Mu2, with its higher 
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precision ranging and full dual channel capability, could be 
used to investigate the problem. 

III. Preliminary Results 

The results to date are encouraging, but far from complete. 
Upon completion of the experiments, a full report will be 
published in The DSN Progress Rt port. 

A. Viking Radio Science 

It was hoped that some definite results could be given at 
this time. Unfortunately, the « 4 a r corona was extremely noisy 
during the January, 1979, cc «ction. This created a problem 
in that the DSN receivers could not maintain carrier phase lock 
with the spacecraft X-band signal when the spacecraft was 
“two-way". In this mode, the spacecraft downlink (spacecraft 
to Earth) signal frequencies are related by fixed multiples to 
the uplink (Earth to spacecraft) S-band signal frequency. For 
the S-band downlink, the multiple is 240/221 while for X- 
bandit is 880/221. 

The corrupting effects of a plasma upon a radio signal are 
inversely proportional to the square of the signal frequency 
(Ref. 4). At first glance, then, X-band should be better than 
S-band. However, in the multiplication of the S-band uplink 
frequency to X-band, the jitter induced by the solar plasma is 
increased by the same factor, resulting in a badly distorted 
signal. 

While the S- and X-band range obtained by the Mu2 appears 
good, the S-band Doppler data is marginal and the X-band 
Doppler virtually unusable. We had planned to use the S-X 
two-way Doppler data to interconnect the S-X range data 
with earlier one way Doppler data in a scheme to measure and 
track the solar corona charged particle density. Because of the 
poor signal conditions, we are forced to a less satisfactory 
and much more labor-intensive fall back. 

Despite these problems, the recent data obtained by the 
Mu2 is expected to complement and improve the results of 
the 1976 experiment. A future article will discuss the data pro- 
cessing and tracking operations involved in this latest test of 
the Theory of General Relativity. 

B. Advanced Radlomatric Bw ai r ch 

The data from the Mu2 at DSS 43 is corroborating the 
experiments reported by Layiand, et al. (Ref. 3). Figure 1 is a 
graph of range residuals taken from observations of the Voy- 
ager ) spacecraft at DSS 43. Less than a 30-minute gap sepa- 
rated PRA and Mu2 measurements. Not only is the Mu2 data 
less scattered but the PRA data seems to have a bimodality. 
Such a signature is possible due to wave form distortion. 


Table 1 summarizes a representative sample of data drawn 
from the comparison plotted in Fig. 1 and from normal Voy- 
ager 1 tracking operations. The data are given as RMS scatter 
about a line fit to the range residuals. A linear fit is used since 
errors in the ephemeri* or ionosphere model appear linear over 
a short span. While the Mu2 data appears “raw." the PRA 
residuals are shown both raw and corrected by the second 
point of “DR VID" (Difference Ranged Versus Integrated Dop- 
pler) measured after each range acquisition. Data from the 
Mu2 has about one-fifth of the scatter of the raw' PRA data 
and one-third that of the DRVID-corrected PRA data. 

Correcting the PRA data by DRV1D involves extra compu- 
tation and requires that temporal charged particle variation in 
the ray-path be small. It is difficult to distinguish the signature 
of a plasma event and the error imposed by wave-foun distor- 
tion. On the basis of these findings, we have proposed that the 
DSN upgrade the PRA to utilize a 1-MHz high-frequency code. 


C. Voyager Navigation Requirements 

It is too soon to report any results from the investigation 
into the interstation range bias. The bias between DSS 42 and 
DSS 43 varied from 6 meters to 2.5 meters during the period 
April, 1978, through early January, 1979. During a Voyager 
navigation cycle, it was observed that no bias existed when the 
Mu2 was used at DSS 43 and the PRA at DSS 42. Other than 
pointing out the sensitivity of these biases to ground equip- 
ment variation, no further conclusions are justified at this 
time. 

The Voyager navigation cycle consists of continuous track- 
ing of a Voyager spacecraft for a period of about 48 hours. 
Ranging and Doppler data are taken in turn from each of the 
64-meter stations in the DSN. As appropriate, some 26-metcr 
stations are also sampled. Figure 2. which is taken from Ref. 5, 
shows the range residuals from a Voyager navigation cycle in 
late January 1979. The numbers in circles indicate the tracking 
station used. (DSS 42/43 are at Tidbinbilla, Australia; DSS 63 
is at Robeledo, Spain; and DSS 12/14 are at Goldstone, 
California). The vertical lines indicate the bias between sta- 
tions as determined from linear fits to the respective data sets. 
Note that the bias between Spain and California is smaller than 
that between the two Goldstone stations. Also, the lower scat- 
ter due to the use of the Mu2 at DSS 43 is readily apparent. 


By the time this article is published, several experiments 
should have been performed testing various theories as to the 
cause of the interstation bias. These will involve both DSS 42 
and DSS 43 in an interchange of equipment during Voyager 
tracking. 

il 




* - 


- 



IV. Modifications to the Mu2 


In this section, v e picsent the modifications effected on 
the Mu2 software and hardware to accommodate installation 
at the conjoint Australian stations and to mcoiporate the fil- 
tered ranee c\)de correlation algorithm into the operational 
software. 


A. Hardware 

When the Mu2 was last installed in the DSN (at DSS 14), 
the ranging interface with the High* Speed Data Line was via a 
computer known as the Tracking Data Handler (TDH) When 
the DSN was upgraded for the Voyager era, the TDH was 
replaced by the Metric Data Assembly (M DA). While the TDH 
was only one-way, processing output data, the MDA is two- 
way, also routing operator supplied paumeters and commands 
from the so-called “host" computer to the ranging machine. 

Because the Mu2 was installed m a conjoint station, two 
MDA interfaces were required. Each interface attached di- 
rectly to the Mu2 data and control lines. The Mu2 uses a 
simple internal bus scheme which has five address lines, one 
enable line, two handshake lines and two sets of lb-bit unidi- 
rectional data lines. A control circuit board and two identical 
14-line interface adapter boards, comprising a total of more 
than 100 integrated circuits, were installed in the Mu2 Inter- 
face Unit. 

Besides the computer interfaces, two band-pass filters were 
required *o shape the 10-MH/ IF signal prior to detection 
within the Mu2. These filters are described in Ref. 2. They 3 re 
±1 .5-MH/-wide with a 1 0-MI 1/ center frequency. When the 
phase moduled IF signal is passed through the filters, all har- 
monics of the I -Mil / range code are greatly attenuated. In 
effect, a I MHz sine wave tone is then detected and correlated 
in the Mu2. This tone is largely devoid of the wave-form 
distortion plaguing lower frequency initial codes. 

Installation at the conjoint DSS 42/43 required that the 
Mu2 interface to the Block 111 receiver at the DSS42 26-meter 
station and the Block IV receiver at the DSS 43 64-meter sta- 
tion. The signals supplied by these receivers are compatible ex- 
cept that the Doppler tone which the Block III outputs is half 
the actual Doppler frequency. Provision for either receiver's 
Doppler was originally made by using movable straps on the 
Mu2 Doppler scaler circuit board. This board was modified so 
that the Mu2 computer could select the proper scaling. 

Another change to the Doppler scaler was to allow the 
computer to configure for X-band or S-band Doppler scaling 
(they differ by a factor of 11/3), This allowed the DSS 42 
ranging to be processed by Mu2 channel 2 which is normally 


used for X-band. The arrangement facilitates Mirulianeous pio- 
cessiiu! of S-band tanging data hum both stations. 

B. Software 

The soltware which orchestrates the Mu2 has been de- 
scribed m Ret. 1. Only those features saliant to the DSS 42/43 
installation will be discussed here. By fa* the most extensive 
modification to the software involved deleting the fDH soft- 
ware and adding software to support the MDA. In total, over 
IK00 changes were made in the Mu2 software to accommodate 
the DSS 42/43 installation. 

One modification to the software involved transferring the 
sine-wave correlation algorithm from test software to the oper- 
ational software. The modular construction of the Mu2 pro 
gramming made tins a very straightforward task. Modification 
was also made to the "mode" parameter to facilitate indepen- 
dently switching the two Mu 2 channels between square-wave 
and sine-wave correlation routines. 

A major change in Mu2 control philosophy accompanied 
the conversion to the MDA. Specifically Mu2 parameters and 
directives would normally be provided through the MDA 
rather than from the Mu2 console teletypewriter. The Mu2 
uses an operator interface known as Tutorial Input (Ref. 2). 
Through the foresight of the MDA designers, free-form ASCII 
text can be transmitted from the MDA to attached devices. 
Therefore, all commanding could retain the T .i.*na! Input tor- 
mat. it was necessary only to place data bloci rom the MDA 
into the Tutorial Input buffer. 

Additional control capability had to be added to specify 
which MDA (i.e., which station) was in control. In either case, 
primary, or overriding control remained with the console tele- 
type. Three control commands were assigned only to the tele- 
type. They are: 

M/Ml Control from either teletype or MDA I (DSS 43) 

M/M2 Control from either teletype or MDA2 (DSS 42) 

M/TTY Control only from teletype 

After program initialization, control may either be specified at 
the teletype or it will be assumed by the first MDA to "talk" 
to the Mu2. Control is returned to "unassigned" by using the 
release command M/REL. 

The Viking era Mu2 had two interrupt buttons; one to start 
range acquisitions, the other to attract the computer’s atten- 
tion for commanding. Remote control of the Mu2 necessitated 
a new command, M/ACQ, to start acquisitions. In order to use 
tik* console teletype for commanding, the PDP-11 computer 
now monitors the teletype for a line-feed character. Upon 
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receipt of line-feed, teletype commanding is initiated. The two 
interrupt levels freed with these two changes were immediately 
absorbed by the MPA interface. 

A workable control concept would be useless without a 
means for outputting data. The MPA provides the data path- 
way. Each second, the MPA expects a range data block of 35 
words (Ref. 7). This block reports both parameters used to 
obtain the ranging and the range measurements including cor- 
relation voltages, DRVID, and power- to-noise estimates. 

Within the block, the ranging system outputs Universal 
Time Coordinated (UTC). There is also a Held for data valid- 
ity. When this field indicates ‘'new" data, the word containing 
UTC L interpreted as is a tim- tag for the data. In a break with 
the FRA philosophy, the Mu2 always sets the time tag to the 
appropriate data time. The MDA can then be late in sampling 
the block and still obtain the correct sample time. 

As described in Ref. 1 , the Mu2 software is modular. Three 
new modules were added »o interface to the MDA and the 
TDH module was removed. Four thousand words of core 
memory were added to the POP* 1 1 to contain the new subrou- 
tines. The first module, the MDA data output module, is 
enabled by the system scheduler to output range data each 
second. This is done in background, as is all dab! handling, to 
prevent time conflicts. Upon completing he output sequence, 
the module enables MDA vlata input by initializing an appro- 
priate time tag in the scheduler. The subsequent transfer from 
the MDA to the Mu2 contains either operator directives or a 
blank block. 

After these two transfers are completed, the scheduler is 
again enabled to allow a second Mu2 to MDA transfer. This 
block contains information to be displayed on the station 
operator's CRT screen. The display can either be routine data, 
a list of operator supplied parameters, status messages, or 
alarm messages. 

Three of the five available displays are associated with oper- 
ator-supplied parameters. Display I shows the current default 
parameters. These are the parameters directly changed by 
operator input. At transmit time for a new range acquisition. 


.he default parameters arc copied into the tr jrismit parameter 
buffer and also stoied in the receive parameter circular butter. 
The transmit parameters can be observed in display 2. After 
one round-trip-light-nme (an operator-supplied parameter) has 
elapsed, receive parameters are t.ansferred from the circular 
buffer to the receive parameter list. This list is presented in 
display 3. 

It is because of the receive parameter circular buffer that 
eu.li range acquisition done by the Mu2 is complete!) indepen- 
dent of any other acquisition. Hence, parameters can be 
changed at any time without affecting any acquisitions already 
in space. 

Displays 4 and 5 are used to observe and analyze data qual- 
ity. The ranging correlation voltages appear on display 4. As 
explained in the Mu2 technical report (Ref. 1 ), these voltages 
are a v rect and immediate indicator of range quality. An indi- 
rect quality indicator, DRVID is presented on display 5. This 
display is mainly used during pre- and post-f-ack range calibra- 
tions. The actual range measured and the epoch time I TO I 
appear on both displays. 

Some problems arose in debugging the new software with 
the MDA. These were manliest as large numbers of par ty 
errors in the transfers between the MDA and the Mu2. It 
appeared that there were tuning conflicts within the MDA. 
The situation is aggrevated because most MDA activity occurs 
immediately after the station one second timing pulse. The 
problem was solved by delaying the tunsmission of the Mu2 
range data block to 0.1 second, and the transmission of the 
display block to 0.5 seconds after the one-second pulse. 


V. The Future 

Several more experiments are planned for the near future 
into the interstation range bias probum. Other than these 
tests, the Mu2 will continue to be the prime ranging machine 
at DSS 43. At f :e present time, it is planned to remove the 
Mu2 on or about 1 October I^7M. We hope to install it at DSS 
13 tor continuing experiments with Viking Landei 1 and 
research into automatic, “unattended.” ranging. 



Acknowledgements 


The installation of the Mu2 in Austiaha was a uve-month pioject which was approved 
aiul initiated only two mourns prior to the installation. The task v\ .successfully com- 
pleted through the efforts and long hours contributed by peisonnel throughout JPL, and 
m Australia. 


The author regiets that it ts impossible to list all of the names of people who contri- 
buted to the pioject. However, the following people at JPL deserve much of the credit: 
W. P. Hubbard, W. A. Lushbjugh, P. Herrin, R. Wells. C.Cripe. and R. Weber. At the 
Tidhinhilla complex in Australia, the whole station seemed to pitch in with inciedihle 
enthusiasm. In particular, the following people are recogm/ed: A. Robinson, V. Koenig 
a. id P. Chuiciull. Also, the complex manager. 7. Reid, piovided much suppoit. 

Any effort, such as this one, is dependent on the skills and determination of many 
people. The success of this project pays tribute to all involved. 


References 


1. Martin, W. L., and A. I. Zygielbaum, Mu-II Ranging, JPL Technical Memorandum 
33-768, Jet Propulsion Laboratory, Pasadena, C A, May, 15, 1977. 

2. Zygielbaum, A. I., “‘Tutorial Input’ Standardizing the Computer/Human Inter- 
face,” DSiV Pr> >i>ress Report 42-43 , Jet Propulsion Laboratory, Pasadena, CA, Oct. 15, 
1974. 

3. Layland, J. W., A. I. Zygielbaum, and VV. P. Hubbard, “On Improved Ranging,” AW 
Progress Report 43 46, Jet Propulsion Laboratory, Pasadena, CA. Aug. 15, 1978. 

4. MacDu. i, P F., “A First Principles Derivation of the Differenced Range Versus 
Integrated Doppler (DRVID) Charged Particle Calibration Method,” Space Programs 
Summary 37-62, Vol. II, Jet Propulsion Laboratory, Pasadena, CA., March 31, 1970. 

5. Koch, R. F., “Voyager Near Simultaneous Ranging Status Summary 42 ” JPL Internal 
Memo, Vovager-NAV-79-057 March 1 3, 1979. 

6. Shapiro I. 1.. et al., “The Viking Relativity Experiment,” Journal of Geophysical 
Research , Vol. 8:, No. 28, Sept. 30, 1977. 

7. Baugh, H. W., “Software Specification Document DSS Tracking Subsystem, Planetary 
Ranging Sun Earth Probe Operational Program,” JPI #SSD DIR 5125 OP; JPL, Pasa- 
dena, California, Dec. 1, 1978 (JPL Interna! Document). 



105.00 


f 



Table 1. Mu2/PRA Comparison 



DSS43 

Mu: 

DSS43 OSS-14 

OSS-63 

l>.ito 

PRA PRA 

PRA 


RAW/DRVIO R A\\/ORVIO 

RUWORYIO 

5 l.iii. 197*) 

7.5 

4.25/3 96 


7 1 oh. 1979 

149 


8.12/5.10 

8 1 oh. I“79 

0 52 

5.81/1 64 


17 1 oh. 1979 

1.56 

4.24/2.60 

4 82/3.011 

Nu in her i ml lull on RMS 

waiter in Range I'mls about a linear tit to the 

range residual*. 





o 

5 


70.00 


35.00 


0.00 


- 35.00 


• • 


% 

•• V 
* 

b , 

• \ - 
• N 

• m 

• \ 


12.00 


PRA 


15.00 


MU 2 


i 

18.00 


. J 

21.00 


HOURS 


Fig. 1. Range residuals from the 5 January 1979 Mu2/PRA 
comparison teat using Voyager 1 



5 m 


13 


1^25/79 

18 

I 


21 

~L_ 


1/28/79 

12 


15 

TIME 


18 


21 


1/27/79 
6 9 

L L» 


12 

— L-. 


15 


Fig. 2. Voyager 1 navigation eyda reaWuaia 


ORIGINAL MflK H 
OF FOOR QUMm 


57 



N 79"2 5097 


DSN Progress Report 42-51 


March and April 1 979 


Some Effects of Quantization on a Noiseless 
Phase-Locked Loop 

C. A. Greenhall 

Communications Systems Research Section 


If the VCO of a phase-locked receiver is to be replaced by a digitally programmed 
synthesizer , the phase error signal must be sampled and quantized. We investigate effects 
of quantizing after the loop filter (frequency quantization) or before (phase error 
quantization). Constant Doppler or Doppler rate noiseless inputs are assumed. The main 
result gives the phase jitter due to frequency quantization for a Doppler-rate input. By 
itself however ; frequency quantization is impractical because it makes the loop dynamic 
range too small 


I. Introduction 

This article contributes to the effort to develop a partly- 
digital receiver for the DSN. In this connection, it has been 
suggested that the voltage-controlled oscillator (VCO) of the 
carrier tracking loop be replaced by a number-controlled 
oscillator (NCO), an example of which is the Digiphase® 
Frequency Synthesizer. This synthesizer operates between 40 
and 51 MHz; the frequency decades down to 10“ 6 Hz can be 
programmed synchronously during a specified portion of the 
10 ps clock period. Thus, the filtered, digitized phase error 
signal* plus a bias derived from the Doppler prediction, would 
be used to program the synthesizer, whose output would be 
multiplied up to the local oscillator frequency (RF - 1st IF). 
Some effort (Ref. 1), later abandoned, has already been 
expended toward development of a third-order tracking loop 
with this synthesizer as NCO. 

Two advantages of this arrangement are predicted to be: 
(1) the phase jitter produced by the synthesizer (and partly 


tracked out by the loop) should be less than that produced by 
an analog VCO because the synthesizer phase is controlled by 
a wideband loop that tends to track out slow phase variations; 
and (2) the synthesizer input, being a digital signal, would 
yield directly a com ~nt estimate of Doppler frequency. It 

would be unnecess: . extract Doppler data by mixing 

analog signals from the reiver and the exciter. The success of 
this approach depends on the truth of (1), for if the 
synthesizer exhibits slow, unbounded p*iase variations, then 
the integrated digital Doppler estimate might vary unaccept- 
ably from the true local oscillator phase. This question may be 
treated in a future article. 

In order to program an NCO in the loop, the phase error 
must first be sampled and quantized. One might do this either 
before or after the loop filter. This article investigates both 
possibilities separately. Assumptions are (1) linearized second 
order loop, active form of loop filter, with special attention 
paid to the 1-Hz bandwidth setting of the DSN Block IV 
Receiver; (2) strong signal, at least 40 dB above margin; (3) all 




noises absent, including oscillator jitter; (4) quadratic phase 
input 0 = 0 + c jj f + 1/2 \f Z ; and (5) zero sampling interval; 
time is not quantized. 

We show how the loop approaches lock from conditions 
close to lock, and we derive the steady state behavior of phase 
and frequency. 


The effective quantization interval of the RF radian frequency 
u) = 2nMi is 

2Aco = 4 t rA/Av 

In terms of the dimensionless variables 



II. Loop Model 

Figure 1 shows a block diagram of the mathematical model. 
The phase detector output is p and its quantized version is </. 
The unquantized oscillator frequency is v and its quantized 
version is r. The phase detector gain aKj includes the limiter 
output signal amplitude of the real receiver (the limiter 
suppression factor a is 1 in a strong-signal situation). To 
simulate the Block IV 1-Hz loop at S-band with a 40-51 MHz 
oscillator, we set t 2 = 1.5$, r { = 33419$, K d = 5 volt/rad, 
C = 4, K J2it = % Hz/volt, and M = 40. The loop gain is 
aK -CtKjg = 4.83X10 5 s“ i and the loop parameter 
defined by 


r - 



— . e* = ~\—o , 0 * = - . 



the equations become 


r* = r |0* + j" 0* dt*) 

(1) 

-* = Q r 0*) 

(2) 

0* = (?*-/ z* Jr* 

(3) 


equals 32. Tliis value also holds for the 10 Hz and 100 Hz 
bandwidth settings. For the 3, 30, and 300 Hz settings, the 
value of r is 18.55. At threshold, r = 2 for all settings. 

The quantizing function Q a (x) rounds v to the nearest odd 
multiple of a. The distance between quantizer levels is 2a. The 
even multiples of a a e “decision levels." To make mathemati- 
cal sense out of this model, we assume a small “dead zone" of 
width 2e around each decision level. For example, if x(t) is a 
signal that starts at a and decreases, then Q a (x\ initially at a, 
flips to -a only when .v reaches -e. Then Q a (x) does not return 
to +a until x returns to +e. Results will be obtained by letting 
t tend to 0. 


III. Oscillator Frequency Quantization 

Let the phase quantizer be rem ed from the loop, whose 
equations are then 


At the risk of confusion, we shall drop the asterisks from the 
dimensionless variables for a while; when results are stated we 
shall make clear what variables we are talking about. Equations 
(I) and (3) really mean 


y(t)-y(! 0 ) = r 



(pU)-<H.t 0 ) s 6(0- 0(t o )- 



;(s ) Js 


for any / and t. Initial conditions for Eqs. ( 1 )- (3) are 
specified by 0 (/ o ) and y(f o ). 


y 


2ir r, 


(r 2 0 + /M) 


We shall assume that the quantizer Q f has a dead area 

[-€,€]. 


2 - Q Ay (y) 

0 a e - 2vM f zdt 


A. Constant Doppler Input 

Let 0 = 0 o + w 0 t, where \or 0 1 < r. We show the loop pull-in 
behavior for sufficiently small 0(0) and y( 0 ). Without loss of 


SI 


! 
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% 





generality we can assume -e < v(0) < 2 r and z is initially 
For t > 0, 

<t>(t ) - 0(0) + (u> u - r)t 

v{t) = v(0) + r j[co 0 -r + 0(0)] / + -r)t 2 i 

Let 0(0) <r - to (> . Then r decreases until it reaches -e at some 
time f j . This makes r Hip to ~r. For / > t x , 

0(f) = 0(f,) + (<*><, +') (/-/,) 

j(0 = -e + r | [w 0 +/• + <>(/,)] (/- r,) + 4(w„ + r)(/- r,) 2 | 

If y(0) is small enough, then 0(r j) is not too negative, so that 
we can assume + r + 0(r ( ) > 0. Thus.y increases, and soon 
reaches +e. Then r flips back to +r, and so on. We see that y 
judders back and forth inside the dead zone [~e,e],andr flips 
violently between -r and +r. Meanwhile, what happens to the 
phase error 0? It satisfies the integral equation 


0 +J 0 dt = ~ (4) 

For small e, we can pretend y = 0 for t > ( f . Then the solution 
of Eq. (4) is 0(r) = 0(fj ) We could, of course, compute 
the additional 0-disturbance due to the juddering of v. 

If oo 0 > r and 0(0), y(0) are small, then whether z(0) is r or 
-r, y floats upward, trying to make c o G - z small. Eventually, 
the loop reaches a condition in which y = 2 kr (k is an integer), 
where 2 kr is the nearest decision level to co a , and 0 decays 
exponentially to 0. (We ignore the case where c ojr is an odd 
integer.) 

We state this result in “real-world” units: For a constant 
Doppler input 0 - 0 o + c o Q t to the frequency-quantized loop, 
the unquantized frequency y eventually sticks at the nearest 
decision level 2kAy to u) Q , the quantized frequency z flips 
rapidly between (2k - 1 )Ay and (2k + 1) Ay, and the phase 
error 0 decays to 0 exponentially with time constant r r The 
static phase error is 0. 

B. Constant Doppler Rate Input 

We return to the use of dimensionless variables (unstarred). 
Let 0 s 8 a + o J 0 t + 1/2 \t 2 , \ > 0. The unquantized loop has a 
static phase error (SPE); the steady-state solution of Eqs. (1) 


and (3), with z = y, is 0 = \/r, v = lo o + \t. We are going to 
find a periodic solution of the quantized system: the period is 
necessarily 2 r/A, the time it takes the Doppler to traverse one 
quantization interval. The idea is that for small X the 
frequency y is normally stuck at a decision level of the 
quantizer and the phase error has decayed exponentially to 0. 
As 0 = cj o + \t increases, though, there comes a time when y 
can no longer remain at that level; it must eventually float up 
to the next level in order to stay close to 6. During this 
floating period, 0 is allowed to wander off. In fact, it exceeds 
the nominal SPE. During the subsequent sticking period, when 
v is stuck at the next decision level, <p again decays 
exponentially to 0. The sum of the lengths of the floating and 
sticking periods is 2r/\, 

So, let us assume that at time 0, y is stuck at 0 (really, 
within [-e, e] ). Let 0(0) = 0^. For small / > 0, while z remains 
constant, 

0(0 = +( w<) - :)r + 4 X/ 2 (5) 

y(t) = r [(w o +0 { ,-2 )r+y(X + w o -r)r 2 + ~ X/ 3 J 

( 6 ) 

If | to o + 0 o I < r, then the coefficient of t in Eq. (6) has sign 
opposite to z y so y remains stuck at 0. In order to make the 
time origin the start of a floating period, we assume 

co + 0 = r , 0 (7) 

Then c immediately becomes +r and stays there. For t > 0, 


0(0 = 0 o -0 ( /+yX/ 2 

(8) 


(9) 


The floating period ends when y reaches 2 r, the next decision 
level, where z must choose between r and 3 r. This happens at 
time f j , the positive solution of 

| 2-o 

For t - + u, u small and positive, while z is constant, 

0 (r, +«) « 0(f,) + (r- + " z)« + ^ Xu 1 (10) 


60 



y(( l +u) = r {2 + 0 o + X/, +r- z] m + 0(« 2 )} 

( 11 ) 

where 0(/ t ) is computed from Eq. (8). Assume that 

0(/ 1 )-0 o + X/,<2r (12) 

(The left side equals (X - 0^)/^ + 1/2 A/ 2 , and hence is 
positive.) Then the coefficient of u in Eq. (11) has opposite 
sign to 2 - 2 r. Therefore, y is stuck at 2 r. For t > t x , 0 satisfies 

<t>(t ) = 0(/,)e 1 

and the “microscopic” behavior of the system near t is 
determined from 

0 (/ + u) - 0 (t ) + (co 0 + X/ ~ z) w + \ Xu 2 

y(r + m) = r ^2 + [cj 0 +0(f)+ Ar- 2 ] u 

+ ~ (X + u) o + A/- z)w 2 +-|-Xtf 3 | 

where 2 = 2r ± r. The sticking period ends and a new floating 
period begins when co o + 0(f) + X/ reaches 3r. Comparing with 
Eqs. (5) and (6), we see that the situation is just like the one at 
time 0 (except that now y = 2r) provided Xt - 2 r t 0(f) - 0^, 
that is to say, 0(2r/X) ~ 0 o « Of course, this makes sense only if 
/, < 2 r/X. We are led to the following system of equations: 


ix/?4(X-0 o )^ = 2 

(13) 

«1 - 

(14) 

*o * ex P ft • f) 

05) 


A solution 0 O> 0 r fj is called admissible if 

O<0 d <X (16) 

0<t x <\ (17) 

(18) 


A special case should be exposed first. Equality in Eq. (17) 
for a solution is equivalent to equality in Eq. (18), and means 
that the sticking period has zero length. Working backwards by 
setting t { = 2r/X and 0 t = 0 o , we solve ”q. (14) for 0 o and Eq. 
(13) for X. We find that for r > 4/3 and X - X m , where 



there is the admissible solution 

<t> o = r, 0, = r. r, = 2r/\ m 

For other values of X, Eqs. (13) - (15) can be solved 
numerically by iterating 0 O (Newton’s method is used to solve 
Eq. (13) for fj). Convergence is slow, but Steffensen’s 
acceleration method (Ref. 2) yields the solution within about 
8 decimal places using only 6 iterations of Eqs. (13) - (15). 1 
For XO/10 we can take 0 and solve for t } , <j> l 
immediately. We have not proved existence or uniqueness of 
the admissible solution; indeed, some of the results are 
empirical. 

Eqs. (13) ~ (15) were solved for r- 32, 18.55, 10, 5, and 2, 
and for 10" 3 r<X<r 2 . For X>X m , X m given by Eq. (19), 
the solution became inadmissible. Evidently, for X > X m we 
enter a situation in which there is no sticking period. We have 
not looked at this yet. 

For any ? dmissible solution, the time average of 0(/) over a 
period 2 r/X is exactly the SPE A/r. The maximum of 0 is <f> v 
and the minimum is 

0* 

0 . *0 --rf > 0 

^min 2X 

obtained by minimizing Eq. (8). Thus 0 does fluctuate about 
the nominal SPE of \Jr. The peak-to-peak variation 

^ * ^1 ^mta 

is plotted vs. X/' in Fig. 2 with r as a parameter (the variables 
are starred). These curves show that V* Is an insensitive 
function of r and X/r. For r * 32, 

max * 1.72 


‘if one it rites r, Instead of * a> then it is not neceissiy to solve a cubic 
equation. Unfor^uutely, this iteration is violently unstable at the 
admUMe solution. 

«1 
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achieved for X/r = 0.6 approximately. Figure 3 sketches 0(t) 
vs. t for r=32, X/r = 0.5 (the variables are starred). As X 
decreases, V decreases slowly. The width of the 0-pulse, 
however, gets narrow relative to the period 2r/A, so that the 
RMS phase jitter decreases faster than the peak-to-peak phase 
jitter. 

We have actually been working with dimensionless vari- 
ables. Here are some of the results in real-world units. 


achieved when 

X = 0.05 rad/i’ 2 = 0.008 11/ /.v 
SPE = 0.2 deg 

The maximum Doppler rate and SPE for which the present 
analysis is valid is obtained from Lqs. ( 20) and ( 2 1 ) as 


Let the loop with RF frequency quantization 2Aco have the 
input 0 = 0 + c o ( t + 1/2 \t 2 where the Doppler rate X 

satisfies 


0<X< 




The steady -state phase error fluctuates about the static phase 


SPE = — 


X = 0.422 W/Js 

max 


SPE = 10.7 deg 

max * 


The phase jitter V is only 0.1 7 deg. a small ripple on the SPE. 

At this point it appears that digitizing the phase error signal 
at the oscillator input is not practical. To achieve a 10“ 3 Hz 
quantization with a 12-bit A-D converter would mean a 
loop-controllable oscillator frequency range of only 4 Hz, 
whereas the Block IV VCO, in narrow mode, has a range of 
960 Hz. It is probably necessary to digitize the phase error in 
front of the loop filter or even earlier. 


periodically with period 2Aco/X. The peak-to-peak amplitude 
V 0 of this fluctuation satisfies 


Vq < 0.86 -y 2Au> (r = 32) (22) 


K 0 <O.83^2Aw (r = 18.55) (23) 


IV. Phase Error Quantization 

Returning to Fig. 1, we remove the frequency quantizer 
and install the phase quantizer. The loop equations are 


P = aK d <t>, q = Q^ p (p) 


the maximum being achieved when 


• v = ^r M + /H 


X = 0.6 


0 = 0- 2 itM fydt 


approximately. 

Assume a 1-Hz loop with a synthesizer programmed down 
to the 10“ 3 Hz decade. Then 

2 Ay = 0.001 Hz 

= 0.04 Hz at S-band 


max V. * 0.0101 rad ■ 0.58 deg 
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The effective quantization interval for 0 is 


.1 *£ 


Appropriate dimensionless variables are now 


f*=— . O' 


*-4- 


a 2nMr t 

a* * — x v* * i 

q Ap' y A0 ' 


n v •. M ** 
- 







in terms of which the loop equations become 


is just an offset quantizer whose decision level m lying closest 
to the origin satisfies 


<T = 0,(0*)- (26) 


- 1 < m < 1 


(mod 2) . 


y* = r (q*+fq* dr*) (27) 

<t>* = d*-fy* dt* (28) 

As before, we shall drop the asterisks from these variables 
during the analysis. 

The quantization interval of q is 2. As before, we assume 
that Q x has a dead zone of width 2e about each decision level 
2k. Implicit in this model is the decision to make 0 a decision 
level, not a quantize ^cr. level. Eq. (27) says that if q jumps by 
±2 then y jumps by ±2 r. If q is a constant, say 2k + 1 , on the 
interval [/ r t 2 J, then 


Assume that X/r is not an odd integer, so that m is unique and 
- 1 <m < 1. We shall show merely that if <p'( 0) - m and^^O) 
are small enough, then <t> eventually sticks at m. Without loss 
of generality we can assume <p'(0) > m - e and q(0) = m + 1 
(rather than m - 1). For t > 0, 

>•’(/) * /(0) + r(«+ 1)/ (32) 

= 0’(O)- v’(0)/- yf(m + !)f J (33) 
Let v'(0) > 0. Then &’ decreases, reaching m at time 


k; 




2 e-dead /one. one can show, using an analysis not given here, 
that the upper and lower limits r + , y of y' change with tirr \ 
and in fa-*t 

v + -► (m + 1 )r, y (m - 1 )r 

exponentially with time constant 1. This result, though 
intuitively attractive, is on shakier ground than the other 
results here because it depends on the detailed behavior of the 
quantizer in its dead zones, which, after all, are but mathe- 
matical artifices introduced to make sense of the loop 
equations. 

If X/r happens to be an odd integer, then it appears that 0* 
wanders irresolutely between the two nearest decision points 
X/r - 1 and X/r + 1 . 

Returning through two changes of variables to real-world 
units, we state results: Consider the input 6 = 0 o + aw + 1/2 
Xt 2 to the loop with detector output quantization . where 0 is 
a decision level of the quantizer and 2A0, defined by Eq. (25), 
is the effective phase error quantization interval. Then the 
error 0 sticks at the decision level 2k A0 that is nearest to the 
SPE of 7* X/r. The RE frequency co of the local oscillator flips 
rapidly between the two values 

Thus, the peak-to-peak jitter in to is 

V =—2A 4>. (37) 

U) r 
T 2 

Evidently, Eq. (37) is the counterpart of Eq. (22) or (23). 

In the 1-Hz loop let the maximum range ±K d of the phase 
detector be quantized by an 8-bit A-D converter. Then for 
strong signals (a * 1), we have 


2A0 = 2~ 7 rad = 0.45 deg., 

V 

V - ^ “ = (>.(> X 10” 4 Hz. 
y 2nM 

We have been assuming in this section that the oscillator 
frequency y is not quantized. Since an NCO is being used, its 
frequency is necessarily quantized. If, however, we make its 
quantization 2 Av small compared to its peak-to-peak jitter 
V , then the results of this section still hold. In the I -Hz loop 
example, wc must assume that the synthesizer is programmed 
at least as far down as the 10“ 4 Hz decade; this is feasible 
because the signal has been digitized earlier. Then the phase 
jitter caused by frequency quantization (Section III B)wi!l be 
small compared to the phase error quantization 2 A0. If the 
synthesizer is programmed down only to 10“ 3 Hz, then one 
must examine a more complicated model that includes both 
frequency and phase error quantization. 

V. Conclusions 

There is a rough rule-of-thumb relationship 

^2 

Aq - ~y Au (38) 

which holds when either the phase error 0 or the RF 
frequency to is quantized. If u; is quantized into pieces of 
width 2Aw, then 2 *X0 from Eq. (38) gives an upper bound for 
the peak-to-peak phase jitter. Conversely, if 0 is quantized into 
pieces of width 2A0 then 2Ato from Eq. (38) is the 
peak-to-peak frequency jitter. In either case, the variable being 
quantized tends to stick at a decision level of the quantizer, 
which acts as a bang-bang control element in the loop. 

It is not practical to digitize the error signal at the input to 
the loop oscillator (frequency quantization), because the 
oscillator frequency range would be too small. The digitizing 
must be done earlier, in which case Eq. (38) still tells us how 
fine the programming of the digitally-controlled oscillator 
must be to maintain phase jitter below a certain level. 
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A Transmission Line Phase Stabilizer 
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To meet the phase stability requirements of certain experiments performed with the 
Deep Space Network, transmission lines currying reference signals must be stabilized to 
re. luce changes in their electrical length due to mechanical movement or changes in 
ambient temperature. A transmission line phase stabilizer bang developed at JPL to 
perform this function is described in this article. 
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I. Introduction 

Reference signals that are stable to parts in 10* 4 are sup- 
plied within the Deep Space Net (DSN) stations by a station 
reference such as a Hydrogen Maser Frequency Standard. 

The stability of these reference signals, as received by the 
user, is degraded by changes in the propagation lengths of the 
transmission lines used to distribute them. These changes are 
due to thermal expansion, generally >60 parts in 10 7 per °C, 
and mechanical movement of the lines. 


The relationship between the reference signal ( t ' R ) and the 
distributed signal (£ 3 ) is a function of the Voltage Standing 
Wave Ratio (VSWR) on the line and the propagation delay of 
the line, and can be found as described below. 

For simplicity we will solve for the relationship between h\ 
and E y and assume that the relationship between E H and E x is 
constant, as it will be if the load on the reference port is 
constant. 

From Ref. 1, 


These transmission line instabilities are greater than can be 
tolerated in some critical applications, such as Very Long 
Baseline Interferometry (VLB!), and infestation clock 
synchronization, so it is necessary to stabilize the transmission 
lines carrying these critical reference signals. 


E , Z 9 + Z a 

~ + Kt""*) (I) 

where 


A transmission line phase stabilizer to perform this function 
is being developed at JPL and is described in this article. 


II. Basic Considerations 

A model for a transmission line distribution system without 
stabilization is shown in Fig. ). 


*K Jo 


d 9 The length of the line 
Z 0 ■ The characteristic impedance of the line 
7 « a ♦ /0 » The complex propagation constant 
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a = The loss factor (nepers/meter) 

(3 = The delay factor (radians/meter) 

and from the model 


E 

1 


2 




Where, from Ref. 1, 


Z 


$ 


z 


e jrd + 

e yd _ Ke -yd 


The transmitter is located near the station reference at one 
end of the transmission line to be stabilized. It transmits a 
reference signal up the line and receives a return signal coming 
down the same line from the receiver. These two signals are 
compared in phase, and an error voltage is generated th-t is 
used to reduce the error by controlling a voltage controlled 
phase shifter in series with the line. 

( 2 ) 

The receiver is located at the far end of the stabilized 
transmission line near the usei’" equipment, h receives the 
reference signal from the transmitter, processes it so it can be 
separated from the reference signal, and sends the processed 
signal back down the line to the transmitter. It also supplies a 
(3) stable reference signal to the user. 


Then substituting Eq. (3) into Eq. (2) an 1 simplifying: 


£| 2e )d 

E 2 e yd + Kc-^ 


( 4 ) 


IV. Analysis 

As shown in Fig. 2, a reference signal ( A x sin \vt) from the 
station standard is split into three equal signals ( A 2 sin wt) by 
three-way power splitter HY-1. 


and multiplying Eq. (4) and Eq. (1 ) we get: 


= 9 jd 

FZ 


z + z 

= 9 pd (or + iff) 

z 

c R 


z + z 

= ~~z — ° e d<x (cos dj. 3 + / sin d0) 


Two of these signals are used as local references in the 
transmitter and are applied to the LO ports of mixers A2 and 


A3* 


The third signal is sent through a hybrid, a voltage con- 
trolled phase shifter, a manual phase shifter and then to the 
receiver through the transmission line being stabilized. 

At the receiver, the received signal goes through another 
hybrid and then thrr H a narrow (100-Hz) tracking filter that 
greatly reduces leakages of the control signal to the output 
reference and restores the amplitude of the reference signal. 


E 

1 


l 

3 


7 +7 
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The signal out of the tracking filter is split by power splitter 
(5) HY-2 into three equal signals [A 2 sin (W + 0)] where 0 is 
phase delay from the input reference to the output. 


It can be seen from Eq. (5) that the relationship between 
the phase of E } and ZT 3 is a function of the length of the cable 
only, and is not affected by VSWR. The amplitude relation- 
ship is a function of VSWR and line length. 

The purpose of the line stabilizer is to set and hold the 
phase relationship between E R and E 3 constant under all 
conditions likely to be encountered in the field. 

III. Description 

The transmission lire stabilizer consists of two basic parts: 
a transmitter and a receiver. 


One signal is used as the stabilized output and provides a 
reference to the user. 

Another si^;al drives the frequency divider, which divides 
the reference frequency by 1000, 

The third signal goes through mixer A1 where it is modu- 
lated by the output of the frequency divider, which is 

. . /vvf + 0 + 0\ 

(-rear) < 6 > 

where 0/1000 = phase delay through the divider. 



The signal out of mixer A1 consists of two spectral lines 
around a suppressed carrier. 


„ /999(vvr + 0)~ 0\ 

A * cos ( — 1000 — r c< 


1 00 1 (\ ! + 0 ) + 0 
i‘ 1000 


The signal is sent through the hybrid down the transmission 
line back to the transmitter. 

At the transmitte . the return signal goes through the man- 
ual phase shifter, the voltage controlled phase shifter, and the 
hybrid, to a quadrature hybrid where it is split into two equal 
signals in quadrature. The outputs of the quadrature hybrid 
are 


A s cos 


999 (w/ + 0 + £)- e\ 
{ 1000 / 


1001 (wt 


+ 0 £) + 

ooo / 


, r. /tool (wt+<p+$)+o\ 

A S [ sm V 1000 ) 


(999 (wt + 0 + £) - d\ 
\ ~ 1000 ) 


where £ - the return delay down the transmission line. 

These signals are mixed with the reference signals (sin wt) 
in mixers A2 and A3. 

The outputs of mixers A2 and A3 after iow-pass filtering 
are respectively 


V. Stable Operating Area 

Adjustment of th? manual phase shifter, which acts like a 
narrowband line stretcher, is required to set the operating 
point of the system near the center of a stable operating area. 

Two conditions on the slope of the control voltage versus 
line length curve must be met for stable operation. 

(1 ) The slope does not equal zero or change sign. 

(2) The slope has the opposite sign to the slope of the 
voltage controlled phase shifter (phase versus control 
voltage). 

The stable operating points can be found by plotting the 
control signal Eq. (12) versus line length (0). See Fig. 3. 

Since 0 ^ £, then Eq. (12) becomes 

sin 2 (0 + £) ** A % sin 40 (1 3) 

It can be seen from Fig. 3 that the stable operating areas are 

(«- 1)-|<0<(« + 1)| (14) 


n = 0.4,8.12. ••• (15) 

It can also be seen that a stable operating point occurs every 
tt/ 2 radians of line length. 


VI. Correction Factor 

The correction factor for a perfectly matched system can 
be found by setting 


(wt + <t> + $ + 6\ 

\ iooo ) 

\ sin (0 + £) 

(10) 

t 0 - G sin 2 (0 + $) = e c 

(16) 

(wt + 0+ $ + 0\ 
\ 1000 ) 

cos (0 + £) 

where 

do 




and are applied to the final mixer (A4). 

The filtered signal out of mixer A4 is 

A 8 sin2(0 + {) (12) 

a dc voltage equal to the product of Eqs. (10) and (11). This 
signal Is applied to the voltage controlled phase shifter to 
reduce the phase error. 


e Q = the open loop error 
e = the closed loop error 
AK d K 0 

AK p - iota) voltage gain in the signal path from mixer A1 
output to the voltage control phase shifter input 
times the phase factor (volts/radian) 

“ "4 . sin 2 (0 + f ) (12) 
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K d = the detector gain (not solved for explicitly in this 
analysis) 

K = gain of the phase shifter (radians/volt) 

<p 

A stable operating point, assuming the phase shifter has the 
proper slope, is where <p ^ tt/ 2, and since 0 ^ 

(0 + £) * Or/2 + tt/2 + e c ) - (rr + e^) (17) 

Substituting Eq. (17) into Eq. (12) and amplifying, 

sin 2 (0 + £) = sin 2 e c (1 8) 

substituting Eq. (18) into Eq. (16), 

e 0 - G sin 2e t , = e r (19) 

for small e , Eq. (19) becomes 


extremely low’ levels. In the present system, these sidebands 
are approximately 100 dB below the output signal. With 
extreme care in shielding and grounding, it may be possible to 
improve this. 

Thermal stability of the system is degraded because of the 
numerous cables that must be used to get signals in and out of 
the ovens. An improved thermal design would improve the 
long-term stability. 

Miscellaneous problems related to testing, measuring, and 
monitoring the system have not yet been addressed. 

VIII. Test Results 

Preliminary short-term tests have been run, and proper 
operation of the system has been verified. 

A line stretcher, placed in series with a Man length of 
coaxial cable (RG 223), was used to change the line length by 
25 cm (883 ps). This change was reduced by the transmission 
line stabilizer to a worse-case change of <0.3 cm (10 ps), a 
correction of > G3 times. 


Therefore, the correction factor is: 


VII. Problems 

The dominant remaining problem with the pn sent system 
is the detector sensitivity to changes in amplitude of the signal 
returned from the stabilizer’s receiver. These changes are due 
primarily to changes in VSWR on the transmission line as 
pointed out previously in Eq. (5). This problem can be 
reduced by redesigning the detector or by adding an automatic 
level control circuit to the present system. 

Another source of error is the contamination of the 
reference signals by leakage t such as that which occurs 
between the ports of the hybrids. Since hybrid isolation is a 
function of VSWR on the line, this problem can be reduced by 
controlling the quality of the transmission line as much as 
practical, as well as improving the shielding and power supply 
decoupling. 

In some applications, the leakage of the 5-kHz sidebands 
into the signal supplied to the user must be reduced to 


Preliminary tests indicate that the phase noise of the system 
should not appreciably degrade the distributed signal from the 
station reference. 


IX. Conclusion 

Preliminary tests indicate that the basic design of the 
system is sound, but there are several problems that still need 
attention. 

Work is underway to reduce the sensitivity to changes in 
VSWR on the transmission line so that system performance 
can be guaranteed. 

A new packaging design should be considered to improve 
long-term stability and accuracy. 

Test and monitoring methods and equipment must be 
developed if line stabilizers are to be used in the DSN on a 
regular basis. 

Transmission line stabilizers will be required if reference 
signals are to be distributed with phase stabilities in the order 
of 10 ps or less since there are no other transmission media 
available at the present time that are this stable without 
compensation. 
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Antenna Feedhorn Software Upgrade 

P. D. Potter 

Radio Frequency and Microwave Subsystems Section 


The HYBRIDHORN computer program was developed in 1973 to serve as an item of 
general purpose antenna feedhorn design and analysis software , and has been utilized 
extensively since that time for this purpose . The 1973 formulation contains a small flare 
angle approximation which is subject to question for designs such as the Williams S’- and 
X-band feedhorn . Additionally , the original formulation did not allow azimuthal variation 
indices other than unity . The HYBRIDHORN program has been recently upgraded to 
correct both of these deficiencies. A new large flare angle formulation has been found 
which appears to hai'e escaped the attention of others. In the upgrade t all of the major 
program elements have been converted to Univac 1108 compatible structured Fortran 
(SFTRAN) for ease of software maintenance. This article describes the small and large 
angle formulations and presents some sample numerical results . 


I. Small Flare Angle Formulation 

The small flare angle approximation is discussed in Ref. 1 . The formulation is based on the fact that the fields on a spheiical 
cap in the horn aperture are well approximated by the standard cylindrical (Bessel function) fields (Ref. 2). 

Figure 1 shows the horn geometry. Clarricoats (Ref. 3) derived the cylindrical Fields for the case of arbitrary index, m, of 
azimuthal variation. For linear polarization, the following field expressions apply in the horn flare: 
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= Bessel function of the first kind and order m 


J' (x) = derivative of J _ (jt) with respect to x 
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k = free-space propagation constant 
Z = free-space characteristic impedance 
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= normalized propagation constant 


The assumed circumferential grooves in the horn wall require that the azimuthal electric field components be zero at the well 
surface. Thus, from Eq. (Id), 
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BAL mrt is the mode balance; at the balance frequency it is +1 for the normally-used HE mn modes and *1 for the EH mn 
modes. At the balance frequency, the horn wall presents infinite longitudinal reactance ( E nnn divided by H^ mn ) and radiation 
patterns result which have essentially equal E - and //-plane patterns. 

By consideration of the boundary conditions, the characteristic equation, which may be solved for K mH > is obtained as: 
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Y m (*) = Bessel function of the second kind and order m 

Y* (*) = derivative of Y with respect to* 
nt fn 

x’ x - k • r • 6 j 
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An important special case of the above equations is that in which the groove depth approaches zero, i.e., the horn has smooth 
walls. For this case BAL mn either approaches a positive zero, and HE mn modes become TM mn modes, or BAL mn approaches a 
negative infinity and EH mn modes become TE mn modes. The smooth wall case is thus easily accommodated by the above 
equations. 

The final desired outputs of the HYBRIDHORN program are the £- and //-plane polar radiation patterns, given the frequency 
of operation, horn geometrical parameters and mode excitation amplitudes and phases. By circular symmetry and resulting 
orthogonality, the azimuthal radiation pattern dependence is given by the selected order, m, of the sinusoidal/cosinusoidal 
variation. The following steps are performed to compute the radiation patterns: 

(1) Given the throat region mode phases, the aperture mode phases are determined by numerical solution of (7) at points in 
the horn flare and numerical integration of @ mn . 

(2) The aperture cap fields are determined from Eq. (lc) and Eq. (Id). 

(3) The radiated far-fields are determined by a near-field spherical wave expansion (SWE) about the horn vertex of the 
aperture cap fields (external fields assumed zero). 

(4) The SWE fields are normalized and phase-translated to a specified reference point on the horn axis. 

Equations (la-10 are formal solutions to Maxwell’s equations in cylindrical coordinates with the assumed anisotropic wall 
boundary condition; for this cylindrical solution, jc is the radial coordinate times K mn . In 1963 Ludwig (Ref. 4) showed that for 
a spherical geometry such as the horn flare, Eqs. (la-10 closely approximate the true fields if the radial cylindrical coordinate is 
replaced by the arc length (see Eq, (3), (6) and (9) above). This approximation, valid for small flare angles such as those typically 
utilized in a Cassegrain antenna feedhorn, was discussed in detail by Narasimhan and Rao(Ref. 2). This approximation was used 
in 'he original HYBRIDHORN formulation (Ref. I) and has shown good agreement with experimental data for small (less than 20 
degrees) flare angle horns. One of the purposes of the HYBRIDHORN upgrade was to provide the capability of accurate large flare 
angle calculations. This more rigorous formulation is described in the following section. 

II. Large Rare Angle Formulation 

The allowable fields in an infinite conical waveguide follow directly from Maxwell's equations. In a source-free isotropic region 
and assuming t* lw 1 time dependence. Maxwell’s equations are: 
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Since divergence (curl) is identically zero, from Eq. (11c) H may be expressed as the curl of a vector (known as the vector 
potential). A fc ,: 
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Equating (lib) and (12a), and recognizing that curl (grad) is identically zero, the result is: 

E fc . = -V<P e -/uj • A e 

where <t> E is known as the scalar potential. 
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Similarly, using Eq. (11a) and (lid). 
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By combining Eq. (12a) and (12b) with ( I la), and Eq. ( !3a) and (1 3b) with (lib), the two vector wave equations are obtained: 
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As particular solutions of ( 14a) and (14b), consider E - ( TAf) and H - (TE) waves: 
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From Eqs. (12a) and (13a) it is clear that Eqs. (15a) and ( 1 5b> result in waves with only transverse magnetic and transverse 
electric fields, respectively. 

The scalar potentials, <t> E and <p H , are not independent of the vector potentials A £ and A H and may be selected arbitrarily. The 
following selections lead to convenient results: 
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are combinations of TM and TE modes. Thus, the 
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With llic Journal circumferential grooves, the boundary conditions arc: 
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The technique of separating var.ables, which allowed expression of Eqs. (17a) and (17b) as two sets of three total differential 
equations with solutions as Eqs ( 18a) and (18b). requires that Eqs. (22) and (23) be satisfied for ;,ll values of kr in the horn. The 
spherical Hankel functio. n (kr) and the radial derivative functirn. d/dr [rh[ 2) (kr)\ are both complex and bear a differing re- 
lationshtp to each other as a function of kr. It is thus clear that Eq. (22) cannot be satisfied by a single HE m or EH mode but 
rather a summation of modes must be used, a, shown. The literature contains an extensive discussion of this p-oblem ( Refs. ' and 
10). Clearly some approximation must be invoked to arrive at the single mode characteristic equation analogous to (7) and the 

TV 0 ( i 5, ‘ ^ apl 1 ro ’-* ma,ions “Pf* 8 ™* ^ the literature are both numerically unjustified and lead to 
equations - ..itch cannot be directly compared to the small Dare angle formulation discussed in the previous section. 

A neat solution to the above dilemma is obtained by using a result derived by Ludwig (Ref. 4). Ludwig showed that if 
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Combining Hq. (28) with (19a) and (19b), 
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A co* ipanson of Eqs. (29a) to (290 with Eqs. (la) to (If) shows that the approximation in Eq. (28) yields expressions for the 
fields in a large flare angle horn which are identical in form to those for the small flare angle (Bessel) formulation. The 
mathematical equivalence between the associated Legendre function and the Bessel function is covered by Ludwig (Ref. 4). 
Direct numerical comparisons between the two formulations will be discussed in the following section. 

With the approximation in Eq. (28), the horn boundary conditions may now be satisfied individually by each mode, and 
result in the following relationships: 
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Equation (32) implies that the wall admittance must be a specified function of kr. The amount of mode conversion which 
would ";cur with constant depth grooves in the horn flare has not been investigated but, based on previous experimental 
results, is expected to be small. In the HYBRIDHORN program, a constant groove depth and the radial line impedance 
formula (Eq. 8) are assumed. With the . dationship 
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The characteristic equation is obtained from (31) and (32) as: 
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The upgraded HYBRIDHORN program allows computations to be performed using either the small flare angle (Bessel) 
formulation, given in Section I above, or the large flare angle (Legendre) formulation, given in this section. The following 
section discusses numerical results. 


III. Numerical Results and Conclusions 

The upgraded HYBRIDHORN program allows user selection of either small flare angle (Bessel) or large flare angle 
(Legendre) computations. The former involve less machine time and are thus normally preferable. For the dominant HE X x 
mode, direct comparisons were made as a function of flare angle. Table 1 gives the horn geometrical parameters and the 
results of this comparison. The general conclusion is that the Bessel (small flare angle) option may be safely used for horn 
flare angles less than 20 degrees. Numerical experiments for a 20 degree flare angle were also performed for higher-order 
modes, azimuthal variations from m * 0 to m ~ 3, and for both smooth and corrugated horn walls; a similar conclusion was 
obtained from these experiments. 

The relative pattern insensitivity to formulation selection is a somewhat negative and surprising result, but does lend great 
confidence to the correctness of both formulations, and also settles the question of whether the Besse! (old) formulation is 
sufficiently accurate for typical DSN feedhorn configurations. 

In the process of upgrading the HYBRIDHORN program to handle both formulations and the case of m * 1 , the coding 
was generally improved, including conversion of all major program elements to structured Fortran (SFTRAN, version 2), This 
coding improvement should facilitate future program maintenance. 
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Table 1. HE n mode flare angle comparisons* 
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^Frequency = 8.415 GHz 
Aperture diameter = 106.68 cm (42 in.) 
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Fig. 1. Horn geometry 



Fig. a. Large flare angle approximation errors 
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The closed-loop conical-scan ( conscan ) technique has proven to be a useful method 
for pointing the DSN antennas more accurately than is possible by open-loop methods. 
As presently implemented, the antenna beam is scanned about the received signal direc- 
tion by physical movement of the antenna. While straightforward, this approach has at 
least two disadvantages. Firstly, because of structural distortions, finite angle encoder 
resolution, and drive servo response, the actual antenna beam direction only approximates 
the commanded beam direction. Secondly, because of the large mass moved during scan, 
the rate of scan is severely restricted. If there are significant gain or signal level variations 
during a scan period, the conscan system interprets these variations as antenna pointing 
error. Both of these disadvantages would be alleviated in an inertialess conscan system in 
which the beam scanning was performed electronically. Recently, standard JPL antenna 
feedhom software was upgraded (described separately in this report ) to calculate, among 
other things, asymmetric corrugated horn radiation patterns of the type that would be 
needed for electronic beam scan. A brief look has been taken r \e required horn excita- 
tion. The results, described in this article, are highly promising. 


I. Introduction 

The basic conscan technique utilized with the DSN anten- 
nas has been described in detail by Ohlsen and Reid (Ref. 1). 
Basically, the beam is continuously processed at a specified 
scan radius about the expected signal arrival direction, and 
variations of signal are cross-correlated with the beam position. 
To a first approximation, any error between the precession 
cone axis and the signal direction results in a sinusoidal varia- 
tion of the received signal level. This variation may then be 
processed and utilized to effect a pointing correction. A 
limitation of conscan is that spacecraft signal level variations 
and receiver gain fluctuations that occur during one scan 


period are interpreted as pointing errors; thus it would be 
desirable to scan very rapidly and integrate over many scan 
periods, as the spectrum of signal fluctuations tends to decay 
rapidly with increasing frequency. This objective could be 
achieved with electronic, rather than mechanical, beam scan- 
ning. A second important consideration is that mechanical 
scanning is inherently limited in accuracy by drive servo 
response, finite encoder resolution, and structural distortions. 
To be useful, an electronic beam scanning system would have 
to be designed such that antenna aperture efficiency and sys- 
tem noise temperature are not significantly degraded by 
introduction of the beam scanning capability. These prob- 


lems are only addressed conceptually in this article, but do 
not appear serious. 

II. Method of Beam Scan 

A good way of visualizing the inertialess conscan system 
is in terms of the more familiar monopulse technique. In the 
monopulse technique, the feed system producesa “refeienec" 
beam (symmetrical with respect to the antenna axis) and a 
pair of spatially-orthogonal “error" beams (asymmetrical 
with respect to the antenna axis). For small pointing errors, 
the error beam signal is directly proportional to pointing 
error. Each of the two error beams has a plane (containing 
the antenna axis) of zero output called the “null plane." 
The two null planes are designed to be as orthogonal as possi- 
ble, thus providing pointing errors in two perpendicular 
coordinates. 

It can readily be seen from symmetry considerations that if 
the three outputs from a monopulse feed were combined in 
such a way that controlled small amounts of the error outputs 
were added to the reference output, the resultant beam would 
be scanned off axis by an amount directly related to the 
amount of error output added to the reference output. More- 
over, if the total amount of error signal added to both chan- 
nels was held constant, but varied sinusoidally and consin- 
usoidally, respectively, with time between the two channels, 
the result would be a precessing beam; i.e„ a conscan. This is 
the basic concept discussed here. Although we are discussing 
conical scan and not monopulse, it is convenient to retain the 
“reference" and “error" nomenclature to identify symmetry 
properties of feedhorn modes and beams. 

Conceptually, the inertialess conscan feed discussed here 
consists of a corrugated conical horn similar to those pre- 
sently in use in the DSN, except that capability is introduced 
in the throat region of the horn for generating a controllable 
amount of error (asymmetric) mode for beam scan. This gen- 
eration could be accomplished, for example, by a system of 
probes driven by semiconductor devices The feedhorn propa- 
gation characteristics of these error modes and their radiation 
characteristics can be calculated to high accuracy with recently 
upgraded JPL software (Ref. 2). It turns out that these error 
modes have very fortunate properties, which appear to have 
gone unnoticed in previous work; these properties are dis- 
cussed in the following section. 

III. Asymmetric Feedhorn Modes for 
Beam Scan 

The fields inside a corrugated conical feedhorn may be 
expanded in a series of orthogonal modes (Clarricoats, Ref. 3, 


has an excellerr discussion of this technique), each of which 
takes the form of a complicated polai (0) dependence multi- 
plied by sinusoidal/cosinusoidal azimuthal (0) dependence. 
Additionally, there are two general classes of these “hybrid" 
modes, designated ///: m n and EH mtr Thus the polar and 
azimuthal electric fields for these modes are given respectively 
by. 



The subscript n refers to the order of the Eigenvalue solution 
to fields in the horn. For the reference beam (as presently used 
in the DSN feedhorns), the HE n mode is normally used, 
sometimes in conjunction with the Hf\ 2 mode for beamshap- 
ing purposes. The index m is selected to be 1 for pattern 
symmetry, and A n ((?) is made as nearly equal to B n (0) as 
possible for polarization purity and high aperture efficiency 
(see Ludwig. Ref. 4). 

Because the corrugated feedhorn has circumferential 
grooves, it can also support smooth wall modes that have only 
circumferential wall currents (the TE on modes). Figure 1 
shows the minimum three modes necessary to construct 
circularly-polarized error patterns; namely TE 0 j EH 0 1 /HE 0 , , 
and HE 2 At the horn balance frequency (infinite groove 

reactance) all three of these error modes have the same 
Eigenvalue solution and hence propagate with the same 
velocity (Ref. 3). Additionally, the polar field variation is 
identical for each. Near the balance frequency, these desirable 
properties are approximately maintained. Thus, the circularly 
polarized error beams are inherently broadband. The reference 
mode does, however, propagate with a different velocity. Thus 
for the inertialess conscan system described here, the phase of 
the beam scan is frequency sensitive and must be taken into 
account. 

Using the upgraded hybridhorn program (Ref. 2), HE X , 
(reference), EH 0l , TE 0V and HE 2X feedhorn 8.415-GHz 
patterns were computed for the standard DSN horn developed 
by Brunstein (Ref, 5); these are shown in Figs. 2 through 5. 
Similar 8.415-GHz patterns were computed for the multi- 
frequency feedhorn recently developed by Williams (Ref. 6); 
these are shown in Figs. 6 through 9. In all cases, the three 


1 Ludwig's (Ref. 4) proposed definition of normal and cross-polariza- 
tion is used in Fig. 1. 



erru: mode patterns have essentially coincident phase centers 
and nearly equal phase delay in travelling from horn throat 
to aperture. As can be seen in Figs. 2 through 9, all of the 
error patterns are essentially identical (for a given horn), 
thus insuring high polarization purity. 


IV. Error Mode Excitation and Control 

For the standard Brunstein horn, the computed 8.415-GHz 
mode cutoff horn throat diameter is shown in Table 1 for the 
lowest modes. 

As shown in Table 1, the four required modes have the 


lowest cutoff diameters, thus allowing rejection of undesired 
higher order modes. 

Figure 10 shows conceptual designs for standard and 
multifrequency horns with electronic scan. 

V. Conclusion 

This brief study of teamscan by use of corrugated conical 
horn modes was performed as a part of the hybrid horn soft- 
ware (Ref. 2) verification process. The results are highly 
encouraging and indicate that inertialess conscan is feasible 
with modified versions of present DSN feedhorns. Mode 
excitation devices have not, however, been investigated. 
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Table 1. Mod* cutoff diameters 


Mode 

Cutoff 

diameter, cm (in.) 

Comments 

HE n 

2.29 (0.90) 

Normally-used (reference) mode 

HE 2. 

3.81 (1.50) 

Desired error mode 


4.06 (1.60) 

Desired error mode 

r£ o. 

4.34 (1.71) 

Desired error mode 


5.51 (2.17) 

Undesired mode 

HE n 

5.97 (2.35) 

Beamshaping mode 



TEqj HEj, (EVEN) 

Ej * 0 E 9 * Aj(i l) »in (2p) 




Y-POLARIZED ERROR 

E # «Aj(»)»ln(2#) 

E * * * 0 ( tf) f «* <*> 



H W EH oi 


HEj, (ODD) X-POLARIZED ERROR 

E # - Aj(») cm (2p> E e • A „(») + A 2 (i») cm (2p) 

E^ - -B 2 (S) .in (2*) « -BjtO) »in (2#) 


Y-POLARIZED ERROR: 

E n » {[*(,(9) + » 2 (9)] ♦ [A^P) * ®jMj *•" (W} «» * 

FOR ty9) ■ Aj(9) « Rj(9), E n » 2fy9) cm 9 (DESIRED POLARIZATION) 
E c » 0 (CROSS POLARIZATION) 

X-POLARIZED ERROR: 

E n * (Ag(9) + Aj(9)] CM 9 * [»j(9) - Aj(9)] tin (2#) (In 9 
FOR AgIF) • Aj(9) » »j(9), E n - 2Ag(9) CM 9 (DESIRED POLARIZATION) 
E c - 0 (CROSS POLARIZATION) 
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Suppressed carrier binary phase-shift keyed (BPSK) signalling is currently being 
considered as a design alternative for future DSN telemetry in the multimegabit range. 
Carrier tracking of such signals is usually achieved by a Costas loop, as opposed to the 
ordinary phase lock loop. A Costas loop capable of demodulating BPSK signals with data 
rates up to l Msps has been designed and constructed and its Doppler tracking 
performance with respect to a Block III receiver has been tested at the Tele- 
communications Development Laboratory (TDL). The purpose of these experiments is to 
investigate the compatibility of suppressed carrier signalling with the current radio metric 
system; specifically Doppler tracking and ranging. This article documents the experi- 
mental results obtained to-date with respect to Doppler tracking. 


I. Introduction 

In future imagery missions such as VOIR, the symbol rates 
of the returned telemetry data are expected to be in the 
multimegabit per second region. In this range of data rates, it 
is pointed out in Ref. 1 that, from the telemetry systems point 
of view, suppressed carrier binary phase-shift keyed (BPSK) 
signalling with Costas loop carrier recovery will offer advan* 
tages both in bandwidth savings and improved tracking 
performance over the residual carrier format. However, the 
compatibility of this approach with the existing radio metric 
system has not been verified. The basic concerns here are the 
Doppler tracking and ranging accuracies, and their sensitivities 


to data rates, data patterns, temperature variations, and 
Doppler conditions. Also, when the Costas loop is used in 
conjunction with one of the DSN receivers, the effects of 
hardware constraints peculiar to these receivers such as 
passband characteristics, mixer nonlinearities, and oscillator 
phase instabilities on this new type of signal format are also of 
concern in the overall system performance. 

To investigate these effects on system performance it is felt 
that, aside from detailed analyses, which are only as accurate 
as the models assumed, actual testing of a Costas loop 
performing carrier recovery for suppressed carrier signals in the 
DSN environment is most beneficial. 





A scaled-down version of the Costas loop that will he 
implemented in the multimegabit telemetry demodulator/ 
detector (MTDD) has been designed and constructed. The 
symbol rates of the MTDD range from 100 kilosymbols per 
second (ksps) to 30 megasymbols per second (Msps) (Ref. 2). 
The Costas loop described here is capable of demodulating 
BPSK signals with data rates up to 1 Msps only. A detail 
description of this Costas loop is documented in Ref. 3. This 
loop has been tested with respect to the Block III receiver at 
TDL. So far, the tests performed concern only Doppler 
tracking. Four categories of tests have been performed. The 
first category consists of design verifications of the Costas 
demodulator. This consisted of measuring the loop’s rms phase 
jitter and steady-state phase error at assumed Doppler condi- 
tions and various symbol SNRs (ST/N 0 ). Their sensitivities 
with respect to data pattern and data rate variations were 
investigated as were the loop's frequency pull-in time and 
pull-in range. The pull-in time and range tests serve only to 
verify the design, since sweep acquisition is planned in the 
MTDD unit. 

The second category of tests consists of long-term stability 
tests of the Costas loop in the TDL environment, which 
closely approximates that of the DSN stations. The third 
category of tests was designed to test the variations in the 
phase of the Costas loop's reconstructed carrier due to 
Doppler offsets and the effects of asymmetric passband 
filtering in the receiver front end (e.g., the maser amplifier). 
The fourth category of tests was designed to investigate the 
performance of the Costas loop when used for carrier recovery 
of residual carrier signals with an 80-deg modulation angle and 
with data on a square-wave subcarrier. The Voyager spacecraft 
transmits signals of this type. 

The test results obtained at the TDL with respect to these 
tests are documented in this paper. These preliminary results 
indicate that there is no noticeable incompatibility between 
the current radio metric system and Costas loop demodulation 
of suppressed carrier BPSK signalling, as far as Doppler 
tracking is concerned. Of course, further testing has to be 
performed with respect to ranging accuracies. 

II. Description of Test Configurations 

The Telecommunications Development Laboratory (TDL) 
was employed to test the performance of this Costas demod- 
ulator. The TDL contains the equipment necessary to generate 
BPSK signals at S- and X*band, Block III and Block IV 
receivers, Doppler extractors, and the capability to perform 
automated phase data gathering and analysis. The Block HI 
receiver was selected over the Block IV receiver for our 
measurements due to hardware problems in the Block IV 
during the test period. 


Figure 1 indicates the configuration used to generate BPSK 
S-band signals. The Data Rate Synthesizer and Subcarrier 
Geneiator are locked to the Frequency and Timing Subsystem 
(FTS) that provides reference tones for the TDL. The Data 
Rate Synthesizer and Subcarrier Generator are manually 
programmed to the desired data rate and subcarrier frequency, 
respectively. The Data Pattern Generator is manually set to 
either a PN sequence or a switch selected data paMern. Either 
the modulated subearner or the data pattern itself may be 
selected to modulate the carrier. 

The Block III Exciter is also shown in Fig. 1. The exciter 
output is monitored by a frequency counter to provide 
equivalent Doppler information (frequency counted X % = 
carrier frequency at S band). The signal level to the modulator 
is varied to adjust for the desired carrier suppression. The 
output from the translator circuit is the S-band downlink 
signal. 

Figure 2 depicts the receiver end of the configuration. The 
S-band signal is attenuated to a desired level based on Y factor 
measurements at the 50 MHz IF output. The output from the 
10-MHz IF is fed to a narrowband measurement system io 
measure the carrier suppression by testing the power at the 
carrier frequency with and without modulation. The 10-MHz 
IF output drives the Block III receiver control loop and the 
Costas control loop. The Block III receiver VCO is driven by 
either loop by connecting the appropriate cables. 

Detail descriptions of the Costas loop design can be found 
in Ref. 3. For the particular loop that was intended only for 
testing purposes at TDL, no automatic gain control circuit was 
provided. The manual gain control (MGC) in the Block III was 
therefore used in testing this Costas loop. 

Figure 3 shows the data acqui on hardware. The Doppler 
extractor is fed by the exciter ana receiver oscillator outputs 
(each tripled). The extractor simulates the up and down 
conversions as well as the spacecraft transponder. The signals 
are mixed to 50 MHz (in lock), divided by 4, and complex 
mixed against 1 2.5 MHz to provide a phase error/4 signal and a 
phase error/4 + 90 deg signal. These signals are fed to two 
analog-to-digitai converters (A/D) that are controlled by an 
Altair 8800 microcomputer. The 8800 is initialized by, and 
transmits digital information to, a Modcomp II minicomputer. 

The software available at TDL has the capability to provide 
mean phase (for long-term stability) and phase jitter (for rms) 
analyses. 

III. Performance Verification Teats 

The first set of tests performed was intended to verify the 
predicted performance of the Costas loop design. 


M 





Befoic installing the ('ost ;is loop tn l ho I DI . the luiulw.no 
was tost oil with simulated, noise-ftce signals, A 1 0-M 1 1/ 
biphase modulated suppressed camei signal was geneuted 
with the equipment shown in Fig. 4. Hie ficqucncy and phase 
of the 1 0-Mll/ oamer oscillatoi was conn oiled In the Costas 
loop haulwauu In patticulai. pull-in time ot the Costas loop 
was measuted In stepping the camei fiequencx oscille >r in 
known inciements. Results ot these tests aie shown in Table 1 
Also shown in Table 1 ate the theoietical pi edict ions on these 
pull-m times, which aie domed m Ref. 3 The paiticulai loop 
design with a uvened data tat.* of 100 ksps (Ref. 3) was used 
m obtaining ’he test data shown heu*. 

As shown in Table I, leasonahlc agieement in the pull-in 
time peiformance between ptedietions and measutements were 
obtained. Also measured was the pull-in range of the loop. The 
measuted pull-m tange was atound 1000 H/. The picdicted 
pull-tu tange is S 4 M 11/ (Ref. 3). 

After the Costas loop was installed at TDL. interfacing with 
the 1 0-MI 1/ IF ot the Block III receiver, its performance was 
tested in the presence of thermal noise and oscillator phase 
instabilities. To verify its pcrfoimancc. the uns phase jitter and 
steady-state phase eirors of the loop weie first tested as 
functions of the following variables: 

(1) Data patterns (PN or square wave) 

(2) Data rates (100 ksps to 1 Msps) 

(3) Symbol SNRs (from -4 dB to +4 dB) 


peifomunce of tlie>e loops should be identical. !lowe\ei. 
measuted icsults show t hat the phase pueis of the loops at 
highei data tales aie large! than tln»se of the lowei data rate 
cases. This is due laigely to the mhetent batnllimiting of the 
complex imxet (Ref. 3). In addition, this may also be due. 
though much less significantly , to the data genetafoi that 
geneiates less pei fed wavefoims at highei data lates. Neithei 
of these effects was included m the analysis lepoiled m Ref. 3. 
Neveitheless. fail agieement still exists between measuiements 
and predictions. 

In addition to tins phase jitter, the steady -state phase enor 
of the Costas loop in the presence of a 2-kH/ Doppler oftset 
was also measuted for S7'/X 0 $ ranging from -4 to +4 dB. 
Figme 7 shows the steady-state phase errots of the loops 
designed for 100 ksps and 250 ksps respectively, with a 
Doppler offset ol 2 kll/. It is observed from Fig. 7 that the 
measured steady -state phase error of the loop receiving 100 
ksps data is m better agieement with theory than that of the 
loop receiving 250 ksps. This is again due to additional 
bandiimitmg in the complex mixer, which is not accounted for 
in the analyses, and which introduces additional signal 
snpptession m the loop enor signal. 

In the actual design of the Costas loop in the Multimega- 
bit Telemetry Demodulator/Detector, the mixer bandwidth 
will be selected much wider than the data rate to minimize this 
effect. 


The mis phase jitter of the Costas loop was tested with the 
configurations shown in Figs I, 2. and 3. Figure 5 shows the 
rms phase jitter of the loop as SPi\ increases from -4 to +4 
dB. The loop was designed for the 100 ksps data rate. Test 
results for both PN and square wave data arc shown. The 
results shown in Fig. 5 demonstrated good agreement between 
predicted and measured performance. They also demonstrated 
that the loop’s performance is practically insensitive to 
whether the data pattern is PN or square wave. Agreement 
between predictions and measurements are better at high 
SW Q $ than at low ST / This can be attributed to the 
effects of oscillator phase instabilities, since, at low ST/N Q $ 
signal suppression due to the hard-limiter in the in-phase 
channel (Ref. 3) of the Costas loop is more severe, resulting in 
narrower loop bandwidths and larger phase jitter due to 
oscillator phase instabilities. The performance predictions 
given in Ref, 3 treated the effects of thermal noise only, while 
the oscillator phase noise effects were neglected. 
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Figure 6 shows the rms phase jitter of the three loops 
designed for data rates at 100 ksps, 250 ksps, and 1 Msps 
respectively, as functions of ST/N 0 . By design, the theoretical 


IV. Long-Term Stability Tests 

To quantify the effects of temperature variations and 
oscillator long-term instabilities on the reconstructed carrier 
phase, a long-term stability test in excess of 16 hours has been 
performed on the Costas loop. The test configuration was the 
-^mc as that described in Section I, The Costas loop tracks a 
suppressed carrier BPSK signal with PN data at 1 00 ksps, and 
at a ST/N 0 of 4dB. The loop bandwidth was 1 10 Hz in this 
case. The values of the reconstructed carrier phase were 
recorded and are illustrated in Fig. 8. Each recorded value of 
the reconstructed carrier phase corresponds to an average of 
10,000 samples of the Doppler extractor output, sampling at a 
rate of 55 ms per sample. Over the 16 hours of observation, 
the reconstructed carrier phase of the Costas loop was 
observed to vary not more than 1 7 deg. This is well within its 
error budget. In terms of transport delay, a 17-deg phase shift 
corresponds only to a distance movement of 7 mm at S-Band, 
and corresponds to an even smaller movement at X-Band. 

At another test, the current Block III receiver's residual 
carrier loop was used to track a residual carrier signal with 
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modulation angle 0 * SO deg and 100 ksps data on a 3oO-kHz 
squaie-u u Miheamei, at a Si A 0 i>t +4 dB. A long-tcim 
stability tost over a oO-hour period was performed. Ine 
reconstructed phase of the residual carrier loop was again 
recorded and these data are illustrated in Pig The tlueshold 
loop bandwidth setting was 12 Hz in this case. It was observed 
that the k const meted phase of the carrier varies over a range 
50 deg in his period. 

Sin- c these phase variations depend upon the room 
temper ure, no definite conclusion can ieall\ be drawn in the 
above r mentioned sample-of-one tests. More tests are planned 
in *he f it ure. Nevertheless it can be said that the phase-shift 
variation of the Costas loop's reconstructed earlier on a 
long term basis is not any worse than that of the current 
residua! auiei loop in Block 111. when both loops aie 
operated I the TDL environment. 


V. Tracking of Residual Carrier Signals With 
Data Modulation On a Square Wave 
Subcarrier 

Residual carrier signals are commonly used in the DSN. For 
example the Voyager return telemetry uses a modulation 
angle of SO deg and data is modulated on square-wave 
subc: rier at 360 kHz. To track this type of signal, the arm 
filters of the Costa loop have to be bandpass filters around the 
subcarder frequency to achieve optimum tracking perfor- 
mance The predicted performance of the Costas loop and tire 
bandp. ss arm filter design for tracking this type of signal are 
known 

Tire test results of the RMS phase jitter of the Costas loop 
when used to tiack a residual carrier signal with a modulation 
angle of 0 of 80 deg and a subcarrier at 3.6 times the data rati 
of 100 ksps are shown Iri Fig. 10 . The arm filters used in this 
case are RLC bandpass filters centered at the subeanier 
frequency. The low-pass equivalents of these filters have a 
one-pole RC characteristic, and the one-sided bandwidth of 
this low-pass characteristic v chosen to be at twice the data 
rate. Also shown in Fig. 10 arv the rms jitter measurements of 
the Costas loop used tu ;ack a suppressed carrier signal (5 = 
90 deg) with 100 k * > data on the carrier. Comparing these 
two results, it v observed that the rms phase jitter of the 
Costas loop tr king of the residual carrier case is about 1 *dB 
worse than hose of the suppressed carrier case. This is in fair 
agreement with vhe analysis. 

. Jso shown in Fig. 10 is the corresponding rms jitter of the 
residual carrier loop ; n the Block U! receiver. The loop 
bandwidth was set to 12 Hz at threshold. The Costas loop 


tracking is seen to be bet let than the existing residual canier 
tracking ovei the entire lange ot\V77.V 0 from 4 to +4 dB. 


VI. Tests on Asymmetric Bandpass 
Filtering Effects 

In the presence of Dopplei offsets, the lecetved signal 
spectrum will not be centered with lespcct to the inasei 
amplifier bandpass characteristics. The icconstructed camei 
phase of the Costas loop will then depend upon the Doppler 
offset as well as the masei phase delay chat act eristics. The 
same is true for the residual carrier loop. This effect has been 
analyzed in Ref. 4. 

To receive telemetry signals with data rates up to 30 Msps. 
it is necessary for the X-band maser to have a 1 -dB bandwidth 
around 100 MHz. Since the characteristic of this maser is not 
yet available we can only make some approximate tests here. 
In our tests at TDL, a tunable two-pole Tchebycheff bandpass 
filter with a 0.5-dB npnle in the passband was used to simulate 
the maser passband characteristic. This filter was placed 
between the Costas loop and the 1 0-MI Iz IF output of the 
Block III receiver, as shown in Fig. II. This amounts to an IF 
simulation of the X-Band maser. The bandpass filter was first 
designed to be centered at the lO-Mllz IF and to have a 1 -dB 
bandwidth of 350 kHz. which is about 3.3 times larger than 
the received data rate of 100 ksps. After the Costas loop 
acquired lock, the phase of the reconstructed carrier was 
recorded from the Doppler extractor output. The filter was 
then perturbed by adjusting the variable inductor and capaci- 
tor elements until the phase of the reconstructed carrier 
experienced a 37-deg shift. The filter was then recalibrated and 
the center frequency was determined. Figure 12 plots the 
amplitude responses of this two-pole Tchebycheff bandpass 
filter before and after it was perturbed. It was centered at the 
10-MHz IF before perturbing. After perturbing, the center 
frequency was changed to 9.95 MHz. This corresponds to a 
shift of 50 kHz, which is equal to one half of the 100 ksps 
data rate that the loop was tracking. According to the 
analytical result reported in Ref. 4, this frequency shift of the 
signal carrier with respect to the passband center frequency 
should have produced a phase shift of 12.5 deg in the Costas 
loop's reconstructed carrier. However, perturbing the compo- 
nents of the bandpass filter also alter the filter’s bandpass 
characteristic in addition to changing its center frequency. 
This explains the fact that the measured phase shift is more 
than the analytical predictions, since the latter assumes no 
change in the filter bandpass characteristic except for the 
change in the signal’s carrier with respect to the filter’s center 
frequency. Nevertheless, they do indicate a fair agreement. 
The (future) X-band maser is assumed to. have a DdB 
bandwidth of 100 MHz, which is about 3.3 times the 
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maximum data rate of 30 Mil/. In this ease, the Doppler offset 
of half the data rate will amount to 1 5 Mil/. In other words, it 
will take a Doppler offset of around MH/ to introduce a 
37-deg shift in the reconstructed carrier of the Costas loop if 
the maser passband characteristic can indeed be approximated 
by this two-pole Tchebycheff characteristic. Since realistic 
Doppler offsets are not greater than 1 MH/. this will imply 
that the phase shifts in the reconstructed carrier are not a 
severe problem if we have a wide bandwidth maser. 


VII. Conclusions 

A Costas loop has been designed, constructed, and installed 
in the Block III receiver at TDL. Its purpose was to investigate 
the compatibility of Costas loop demodulation of suppressed 
carrier BPSK telemetry with the current radio metric system in 
the DSN. Initial tests with respect to Doppler tracking indicate 
no noticeable incompatibilities. More tests are planned with 
respect to ranging compatibility. 
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Table t. Results ol pull-in time tests 


I rci|ucru\ otNet, H/ 

100 

200 

300 

400 


IV’ ill i toil viluos oi 
pull-in time. \ 

2.83 

11.3 

25.47 

45.25 


1 \pcrimcuul k*mi1i\ 
ot pull-m time, s 

3 

10 

34 



F»g. 1, Transmitter hardware configuration 
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Fig. 2, Receiver hardware configuration 
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The reconstructed carrier of a telemetry return signal is used in deriving the Doppler 
and range information in the radiometric systems. When suppressed carrier BPSK 
signalling with Costas loop demodulation is used, there are concerns on the amount of 
shift in the reconstructed carrier phase, when the received signal suffers asymmetric 
bandpass filtering through the various stages of the receiver. This paper quantifies this 
effect and concludes that the phase shifts due to asymmetric bandpass filtering on the 
Costas loop's reconstructed carrier can be slightly worse than those suffered by the 
residual carrier loop's reconstructed carrier. However, they are well within the error 
budgets of the radiometric system. 


I. Introduction 

Figure 1 illustrates the various stages of a Block IV receiver. 
Various bandpass filtering occurs in the chain of IF stages in 
the receiver before the signal is demodulated, either with a 
phase lock loop, when residual carrier signals are received, or 
with a Costas loop, when suppressed carrier signals are 
received. In either case, there will be asymmetric bandpass 
filtering on the received signal spectrum. The bandpass filters 
following the first mixer-amplifier will always have their center 
frequencies fine up with the proper IF frequencies, when 
carrier tracking is achieved to that the VCO is in frequency 
lock with the received carrier. Nevertheless, filtering on the 
signal spectrum is stiB not exactly symmetrica) with respect to 
the center frequency, due to limitations in bandpass filter 
designs. The dominant asymmetric filtering effect, however, 
comes from the maser amplifier, which precede s the first 
mixer-amptifkr in the r e c eive r IF chain. Since the maser 
amplifier is in front of the first mixer-ampiifier, the r ec eiv ed 


carrier does not necessarily line up with the center frequency 
of the maser when there are Doppler offsets. Because of these 
effects there will be phase shifts on the reconstructed carrier, 
and the exact amount will be Doppler and maser-characteristic 
dependent. It it true, however, that these phase shifts will 
occur on the residual carrier loop’s reconstructed carrier, as 
well as on that of the Costas loop. 

The reconstructed carrier phase is used in the radiometric 
system in deriving range and Doppler information. Conse- 
quently it it necessary that these phase shifts be maintained at 
reasonably small values over the range of Doppler offsets of 
interest. For the residual carrier loop in the existing Block III 
or Block IV receiver, the phase shifts on the reconstructed 
carrier (hie to Doppler shifts and passband filtering are well 
calibrated and are known to be well within the error budgets 
of the existing radiometric systems. When a Costas loop is used 
to demodulate suppressed carrier BPSK telemetry (Ref. I), 
however, no known data are available. Further, since the 
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Costas loop utilizes the whole signal spectrum in recon- 
structing its carrier ^hase, it is endear how severe the effect of 
asymmetric bandpass filtering will be on the phase shift of the 
reconstructed carrier in the presence of Doppler offsets. 

An analytical approach is attempted in order to answer this 
question quantitatively in this paper. Measured results are also 
obtained (Ref. 2) which are in fair agreement with these 
analysis results. In our analyses, the dominant bandpass 
filtering is assumed to be the maser, which is approximated by 
a two-pole Tchebycheff characteristic with a 1-dB bandwidth 
approximately equal to 3.5 times the data spectrum. It is 
found that, in the case of the Costas loop, the Doppler offset 
has to be approximately on the order of one-third the filter 
bandwidth in order to create phase shifts on the order of 25 
degrees. For a 30 MSPS data rate, this implies Doppler offsets 
of 30 MHz or more, which is much larger than the realistic 
Doppler offsets of practica nterest. For realistic values of 
Doppler offsets around 1 MHz, the phase shift will be on the 
order of 1 degree. 


S(t) = d SQ U) cos(w, t + 0) 



where T is the symbol duration, and where 6 is the carrier 
phase, to be tracked by the Costas loop. Let G( co) be the 
transfer function of the maser characteristic. The filtered 
output with input 5 (/) will be given by 
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II. Analysis 

In the presence of Doppler offsets, the phase of the 
reconstructed carrier of a residual carrier tracking loop is 
basically determined by the phase delay characteristic of the 
maser amplifier at the detuned carrier frequency, relative to 
the center frequency of the maser. In the case of the Costas 
loop, since the entirety of the signal spectrum is used to 
reconstruct the carrier phase, this phase will depend upon the 
maser delay characteristics at the detuned carrier frequency as 
well as at all the harmonics in the data spectrum. 

Square-wave data has the highest number of transitions of 
any data stream, and thus will suffer the most phase distortion 
due to filtering. Thus if the received signal is assumed to be 
square-wave modulated, the results obtained will be the worst 
case bound. Since a square-wave can be represented by the 
Fourier series, 


<W'> = E a 2* + . cos 

k=0 



0) 


+ 0 + 0 -( 2 * + .) 


(4) 
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where in Eq. (4) ot n and denote the amplitude and phase 
responses of the bandpass characteristic G(co\ at u> = cj c + 
n2n/T, respectively. In other words, 


«,= 4 

K s ”t[ c (", + - 2 f)] <s > 

and where arg(z) stands for the argument of the complex 
function z. 


where the coefficients.^ fc+1 are given by 

4 (-1)* 
tr2*+l 

The received RF signal at carrier frequency u> c can 


( 2 ) 

be written 


as: 


The operation of the Costas loop is identical in perfor- 
maice to that of the squaring loop, which squares the filtered 
signal S(t) and tracks the 2co c component. Defining 
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a M <x„ if n > 0 
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a a if n < 0 
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and whcr c lor k = 0. 1 , 2 


^ 2 Ac + I ^2k* I ^-(2A + 1 ) ^ a 2k+l^ 2k + I a ~(2A + I ) 

U3) 

The phase shift in the Costas loop's icconstruclcd earner for 
square -wave modulating signals undergoing bandpass filtering 
is then equal to 'l', as given in Eq. ( 1 2). 1 

It is instructive to notice that, when bandpass filtering is 
absent, i.e.. when a rl = I and fi 3i = 0, u in Eq. ( 1 1 ) becomes 



k = 0 


and 'F = 0. Hence the error signal r(/) becomes 

v (f ) = 4 COS 2 (w / + 0 ) (15) 

which is clearly the 2co t , component m the squared signal 
|5(/)| 2 when the filtering effect is negligible. 

In general, when the filter phase response is odd symmetric 
with respect to the center frequency, so that 

then it is clearly true from Eq. (12) that 'E = 0, i.e., there will 
be no phase shift. For a general bandpass characteristic such 
that Eq. (16) does not necessarily hold, the phase shift 'h is 
given by Eq. (12). 


1 The value $ was used rather than 2^ since the Doppler system tracks 
the carrier at w c rather than 2w c . 




III. Numerical Results 

Current 1> the X-band inuser passband 1 dB bandwidth m 
the Block 111 or Block IV receiveis is about 40 MM/. To 
receive multimegabit telemetry with data rates up to 30 MBPS 
at the DSN in the 1080’sit is imperative to inciease the maset 
bandwidth. It is assumed here that the future maser will have 
an equivalent baseband bandwidth of about 100 MU/, in order 
to receive data rates up to 30 MBPS. Without available data on 
the future masei, the best one can do at the present is to 
assume a certain bandpass characteristic for it and evaluate the 
phase shift effect on the reconstructed carrier , in the piesence 
of Doppler offsets. This has been performed experimentally 
(Ref. 2). The experiment was actually performed at IF. but 
was intended to simulate the effect of maser filtering. A 
two-pole Tchebycheff bandpass characteristic was used to 
simulate the maser bandpass characteristic. The circuit diagram 
of this bandpass filter is illustrated in Fig. 2. It has center 
frequency at the 10 MHz IF and a 1 -dB bandwidth of 350 
KHz. This has then a bandwidth roughly equal to three times 
the data rate of 100 KBPS, which is one of the data rates used 
in the tests reported in Ref. 2. The amplitude and phase 
responses of this bandpass characteristic are plotted in Figs. 3 
and 4 respectively. The phase shift ir. the reconstructed carriei 
in the residual carrier loop case, in the presence of Doppler, is 
basically equal to the phase response of this filter at the 
detuned frequency. For the case of Costas loop demodulation, 
the phase shift 'P can be computed from Fq. (i2), with the 
information available in Figs. 3 and 4. The computed result is 
illustrated in Fig. 5. It is observed that a Doppler offset of 
100 kHz can only produce a phase shift of 25 degrees. The 
Doppler offset of 100 kHz corresponds to an otfset of one 
data rate, which corresponds to one-third of the maser 1 -dB 
bandwidth assumed. When these results are translated to the 
future maser with a 1-dB bandwidth of 100 MHz(i.e., 3 times 


the maximum data rate of 30 MSPS), it can be predicted that a 
phase shift of 25 degrees in the Costas loop's leconst meted 
carnei will lesult when there is a Dopplei offset of 30 MHz. 
This, of course, assumes that the two-pole Tchebycheff 
characteristic is a good approximation to the maser passband. 
Also shown in Fig. 5 is the phase shift that the residual earner 
loop will suffer in the presence of Doppler offsets, for the 
same passband characteiistics assumed. It can be seen from 
Fig. 5 that the phase shift in the Costas loop's reconstructed 
earner is only slightly worse than that of the residual earner 
loop. 

A 30 MHz Doppler offset is much larger than most realistic 
values. For a realistic Doppler offset of I MHz, which equals 
1/30 of the maximum data rate and therefore is equal to about 
1/100 of the (future) maser 2-dB bandwidth, the phase shift in 
the reconstiucted carrier of the Costas (or residual carnei) 
loop is on the order of 1 degree (see Fig. 5). This is much 
smaller than that whiJi is allowed by the radiometric system's 
error budget. 


IV. Conclusions 

Assuming the maser characteristic to be approximately 
equal to that of a two pole Tchebycheff bandpass character- 
istic, with a 1-dB bandwidth at 3-5 times the data rate, the 
phase shifts suffered by the Costas loop’s reconstructed carrier 
have been quantified, as functions of Doppler offsets. These 
offsets are then compared with the corresponding ones of the 
residual carrier loop's reconstructed carrier. It is concluded 
that, even though the corresponding phase shifts of the Costas 
loop are slightly worse than that of the residual carrier loop, 
they are both well wit! in the error budgets of the radiometric 
system. 
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Design of a Costas Loop to Operate With the Block III 
Receiver and Its Predicted Performance 

G. Stevens and K. T. Woo 
Communications Systems Research Section 


A Costas loop has been designed and constructed to operate with the Block III 
receiver. It is a scaled-down version of the carrier tracking loop design in the Multimegabit 
Telemetry Demodulator and Detector (MTDD) unit under development . The constructed 
loop has been tested with the Block III Receiver at the Telecommunications Development 
Laboratory (TDL). This article describes its system design , hardware construction , and 
predicted performance. 


I. Introduction 

In order to test the compatibility of the current radiometric 
system in a DSN environment with suppressed carrier binary 
phase-shift keyed (BPSK) signalling and Costas loop carrier 
recovery, a Costas loop has been designed and constructed to 
operate with the Block III receiver. It has been tested with the 
Block III receiver at the Telecommunications Development 
Laboratory (TDL) and its measured performance, with respect 
to Doppler tracking, has been reported in Ref. 1 . This article 
describes its design considerations. Its expected performance 
regarding steady state phase error under assumed Doppler 
conditions, rms phase jitter, and their respective sensitivities 
with respect to variations in signal-to-noise ratios are discussed. 
The loop's expected pull-in time is also given. System design 
considerations will first be discussed in Section II. Descriptions 
of hardware design and construction will be given in Section 
III. Predicted performance will be discussed in Sections IV, V, 
and VI. 


II. System Design Considerations 

The Costas loop is designed to be operated with the Block 
III Receiver in the long loop mode, controlling the VCO input, 
the output of which is multiplied to S-band for use in the first 
mixer. The system configuration is illustrated in Fig. 1 . This 
loop will provide the Block III receiver with the option of 
tracking suppressed carrier signals, in addition to the existing 
capability of tracking residual carrier signals. In order to carry 
out the desired tests, as mentioned in Ref. 1 , at the earliest 
time possible, the Costas loop modification is a scaled down 
version of the carrier tracking loop to be used in the 
Multimegabit Telemetry Demodulator and Detector (MTDD) 
now under development. In particular, this current Costas loop 
d** ( gn utilizes a complex mixer which was developed in earlier 
projects (Refs. 2 and 3) and has a bandwidth of less than 
2 MHz. Because of this inherent bandwidth limitation the 
designed Costas loop can only track signals having data rates 
up to 1 megasymbol per second (MSPS). 
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The Costas loop constructed has a hard limited inphase 
channel, so that the third multiplier which derives the loop 
error signal is a chopper-type device. Ihis is illustrated in 
Fig. 2. The inphasc* (I) and quadrature (Q) arm tillers are 
one-pole RC filters, which are scaled to the data rates received. 
The loop filter has transfer function of the form 


so that the loop is a second order loop. 

The design goal of this loop is to be able to track 
suppressed carrier BPSK signals with symbol SNR’s (ST/N C ) as 
low as 4 dB with an rins phase jitter less than or equal to 
3 degrees. In addition, the steady state phase error is to be less 
than or equal to 3 degrees with Doppler offsets less than 2 kHz 
and Doppler rates of 2 Hz/s or less. The design parameters to 
be determined in a Costas loop are the arm filter bandwidths 
and the loop filter time constants, or equivalently, the 
squaring losses (Ref. 4), loop bandwidths (& L ) and damping 
factor (f), in addition to the open loop gain. In order to meet 
the steady state phase error requirements it is shown in 
Section V that the total loop gain has to satisfy 

Ar r >2.4XlO s (2) 

The loop bandwidth constraint, in order to meet the jitter 
requirement, is found to be 

* t r<2.4X 1(T 4 (3) 

where \/T is the data rate received. For the four data rates of 
concern in Ref. 1, the loop bandwidths are, at the design point 
with ST/Nq ■ -4 dB, selected from Table I . These loop band- 
widths are design point values and they increase with ST/N 0 . 
The arm Biter noise bandwidths art chosen to equal twice the 
data rate, so that squaring losses are acceptable. 

With the desired damping factor set to be ( *0.707 at 
design point values, and with the loop gain K r satisfying Eq. 
(?), and B l 's given in Table 1 , the time constants r x , r 2 in the 
loop Biter can be determined. They are given in Table 2. 

Further discussions on performance evaluations are given in 
Sections IV, V, and VI. In the next section we Brst describe 
the hardware design of the Costas loop. 


III. Description of Hardware Design 

A block diagram of the Costas loop phase detector and loop 
filter assembly hardware is shown in Fig. 3. The 10 MHz IF 
signal is amplified and applied to the input of a 2-way power 
splitter. One output drives a true rms voltmeter which is used 
as a signal level monitor when adjusting the IF signal level. The 
other power splitter output drives a 10 MHz quadrature IF 
mixer (complex mixer). Inphase and quadrature (I&Q) base- 
band signals are generated by the complex mixer by splitting 
the IF signal into two paths and mixing with 10 MHz LO 
signals which are in phase quadrature. The resulting baseband 
mixer products are then bandlimited to 2 MHz by 2-section 
elliptic low pass filters. A detailed description of the complex 
mixer is given in Refs. 2 and 3. 


The inphase and quadrature baseband signals generated by 
the complex mixer are next passed through identical arm 
filters. Simple resistance-capacitance (RC) low pass filters are 
used when processing signals in which the carrier is biphase 
modulated directly by the data symbols. When the data is 
modulated onto a square wave subcarrier, the low pass aim 
filters are replaced by resistance-inductance-capacitance (RLC) 
bandpass filters, whose passbands are centered at the sub- 
carrier fundamental frequency. Inphase and quadrature base- 
band signals generated by the complex mixer are also buffered 
and supplied to test points to facilitate wave form inspection 
with an oscilloscope. 

A hard limiter follows the inphase channel’s arm filter. The 
output of the quadrature channel’s arm filter is linearly 
amplified. These two signals are then multiplied together in a 
double balanced mixer whose output drives an active lead/lag 
loop filter. The loop filter’s output is supplied to the receiver’s 
voltage-controlled crystal oscillator in its LO chain. Variable 
gain control and an inverted output are provided in the loop 
filter and amplifier. A built-in voltmeter monitors the VCO 
control voltage. Offset currents generated within the Costas 
loop’s phase detector are cancelled by an offset adjus jent 
potentiometer. 

In this Costas loop design the bandwidths of the RC-arm 
filters are chosen to be twice the received data rate. The arm 
Biter design is illustrated in Fig. 4, while the respective 
parametric values of the Biter components are described in 
Table 3. 


The loop filter design, corresponding to the time constants 
described in Table 2, is illustrated in Fig. 5, with its compo- 
nent values given in Table 4. 
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IV. Tracking Analysis of the Costas Loop 

The tracking performance of a Costas loop with hard 
limited in phase channel has been analyzed in detail in Ref. 4. 
Basically, the steady state phase error and the rms phase jitter 
of the loop are dependent upon the signal suppression factor cf 
and the squaring loss factor , in addition to other design 
parameters such as loop filter time constants and the gains of 
the phase detector and the VCO. 

Signal suppression on the loop error signal is due to the arm 
filters and the hard lirniter, and varies with ST/N 0 and the 
choice of arm filter bandwidth Hative to the data rate. When 
the arm filters are one-pole RC filters, this signal suppression 
factor <? has been evaluated in Ref. 4. The results are shown 
here in Fig. 6. The total loop gain in the Costas loop design as 
described in Section III is dependent upon 5 through the 
following relationship: 


K T = *sfS K p K v K LF (4) 


where 5 is the average signal power at the output of the 
manual gain control (MGC) unit, K p is the phase detector gain, 
K v is the VCO gain, and K LF is the variable loop filter gain as 
described in Section III. Both loop bandwidth and damping 
varies with loop gain, and they are thus also SNR dependent. 
The same is thus also true for the steady state phase error and 
the rms phase jitter of the loop. These dependences are further 
discussed in Section V. 


The rms phase jitter of the loop for a given loop bandwidth 
B l is given by Ref. 4. 



where S L is the squaring loss factor, which is leu than unity, 
and is also dependent upon ST/N a and the arm filter 
bandwidth. The squaring lou of the Costas loop with a hard 
limited in phase channel and one pole low pau RC arm filters 
has been evaluated in Ref. 4. and the results are included in 
Fig. 7 for reference. 

With 3f and S L known from Figs. 6 and 7 it is then straight 
forward to determine the parameters in the loop design and to 
predict the performance of loop as ST/N„ varies. These are 
discussed in the next section. 


V. Determination of Design Parameters 
and Perfcmance Predictions 

The basic parameters to be determined in the loop design 
are: the arm filter bandwidth, the total loop gain A' r , and the 
time constants r, and t 2 in the loop filter. The values of A r , 
t | and r 2 also determine the loop bandwidth B L and the 
damping factor f. 

The selection of arm filter bandwidth affects the squaring 
loss S L of the Costas loop, as illustrated in Fig. 7. It is 
observed from Fig. 7 that S L varies from -5 to - 9 dB for 
choices of arm filter bandwidths from 0.75 to 4.5 times the 
data rate, at the design point ST/N n of -4 dB. Even though 
not shown on Fig. 7, the squaring loss S L decreases rapidly 
when the arm filter bandwidth decreases below 0.75 IT. where 
I IT is the symboi rate. Squaring loss is least when the arm 
filter bandwidth B is abound 1/7". And as B increases above 
\/T. S L decreases monotonically again. Nevertheless, S L is 
relatively constant for BT values ranging from 0.75 to 2.5. In 
this particular design the one pole RC arm filters are chosen to 
have a BT product of 2. The squaring losses with the arm filter 
bandwidth selected in this way will be less than 6.6 dB for all 
ST/N (} > - 4 dB. 

With a squaring loss of 6.6 dB or less the required loop 
bandwidth B L at the design point ST/N 0 of -4 dB can be 
chosen, in order to have rms phase jitter below 3 degrees, 
according to Eq. (5) as follows: 

(f *,.) (af <*> 

This resulted in the design point loop bandwidths listed in 
Tabic I. 

Next we consider the total open loop gain K T . The steady 
state phase errors due to a radian Doppler offset R 0 and a 
Doppler rate fi, are SljK T and respectively, for a 

second order loop (Ref. 5), where w„ is the natural frequency 
of the loop. Assuming we choose a damping factor of f of 
0.707 at the design point, the values of «„ for the selections of 
B l shown in Table I will be > 45. The steady state phase error 
due to a ft, of 2 Hz/s will then be < 035 degrees. The 
combined steady state phase error due to both O 0 and fi, 
can be modeled as 
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In order for 0, s to be < 3 degrees for a Doppler offset of 
2 kHz and a Doppler rate of 2 H//s it follows from Eq. (7) 
that the total loop gain K r must satisfy 

A' r > - y- > 2.4 X I0 5 (8) 

With K t determined as above it is straightforward to deter- 
mine the variable loop filter gain K LF from Eq. (4). given the 
signal power S, the VCO gain A v , and the phase detector gain 
K p . The VCO gain K v in block ill is equal to 2ir X 96 X 400 
radians/volt. The phase detector gain K p is measured to be 
0.646 volts/ radians. However, the signal level \/S is SNR 
dependent, since it is controlled by a manual gain control 
(MGC) which holds the signal plus noise power constant in the 
IF bandwidth (Z?| F ) of 7.92 MHz. It can be derived that the 
signal level >/2S after MGC is given by 


With Bj requirements given in Table I and total open loop 
gain K r requirements given in Eq. (7), it is straightforward to 
determine the loop filter time constants r, and r 2 from the 
following well-known relationships (Ref. 5) of second order 
loops with loop filters of the forms given in Eq. (I ): 


7 


I 



(H) 


r 2 = — 
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Requiring $ 0 (design point zalue) to be 0.707, so that = 
1 .89 B L , the respective values of r, and t 2 are determined 
from Eqs. (II) and ( 1 2) to be those given in Table 2. 
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B lf r 


(ST/NJ 
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where X = 0.15 volt is the desired average signal plus noise 
power in the MGC output and is determined by the appro- 
priate input level to the complex mixer as described in Section 
II. Since equals 0.298 at ST/N a * - 4 dB with arm filter 
BT= 2, the loop filter gain K LF is then determined from Eqs. 
(4), (8), and (9) to be: 


Next we consider the performance of this loop design as 
ST/N 0 increases above -4dB. Both c£ K T , S t and B t arc 
dependent upon ST/N 0 . The dependences on ST/N 0 of a and 
S L have already been given in Figs. 6 and 7. The dependence 
of K T on ST/N 0 comes from 2 T as well as the signal \Z3T level 
after MGC, as given in Eq. (10). From K r and r x the natural 
frequency to n of the loop can be determined from Eq. (11), 
and from which f can be determined from Eq. (12). Given u)„ 
and f, B l can be determined by the following well known 
relationship (Ref. 5) of second order loops: 


A' 


LF S K p K v y/S 
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The dependences of B L and f on ST/N 0 are plotted in Figs. 8 
and 9 for this Costas loop design. Given B L , S L , the rms jitter 
can be determined from Eq. (S). Also, the steady state phase 
error, given K T and w n , can be determined from Eq. (7). Their 
respective dependencies upon ST/N 0 are plotted in Figs. 10 
and 1 1 . 


At the design point ST/N a • -4 dB, with 0 tF ■ 7.29 MHz, 
these required values of K LF ’% are determined .o be the 
following: 


Variable Loop Filter Gain Settingi K LF 


Data Rates 


100KSPS 

331 

250 

210.5 

500 

149.6 

1000 

107 


VI. PuIMn Tim* Considerations 

In the absence of noise, the dynamic loop error signal in 
Fig. 2 has the form 


<(t) m K p ign (v^</(f)co*0(r)] [ V^J(r)sin *(/)) 


(14) 


where p(r) is the phase error process, d(t) is the baseband data 
waveform, and the notation is used to denote the 
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operation of the arm filters. Suppose we assume the filtering 
operation is negligible, which will be seen to he justifiable for 
pull-in time consideiations, then the differential equation that 
governs the dynamics of the Costas loop is given by 

= j°i f s 8 n sin 0 (t)} (15) 

where 0 is the received carrier phase, F is the loop filter 
transfer function, p is the Hea* is?de operator d/dt, and K is a 
constant proportional to e signal level, the VCO gain, and 
the phase detector gain. Strictly speaking, K depends also 
upon the frequency offset between the local VCO and the 
incom.iig carrier. The function sgn [cos 0(/)] can be expressed 
in a Fourier series. 


(cos0(r)| = ~ | cos 10* + D0U)J 


£ This is because the gain in Eq. (IK) is 2K' rather than A'. 
The pull-in range of the Costas loop model (17) can then bo 
gnen in the same way as that of a phase lock loop (Ref. 5): 


m 0 i « i2n 0 i < 2 s/CKTfS" 


= 4\/A' T fw tl <l‘>) 

This implies | f2 0 1 4 ^ 2 y/K 1 fw„. Suppose the initial frequency 
offset is small compared to the arm filter bandwidth; then A'' 
here should be very close to A' r , the total loop gain design 
parametc discussed in Section V. For the design at 100 KSPS 
discussed in Section V with A r = 2 4 X 10 5 . r, - 112.5 s, 
and t 2 = 0.05124 sec, f is 0.707 and c o n is 40.2. When these 
values are substituted in Eq. (19), the pull-in range is 
computed to be 


which consists only of odd harmonics of 0(/). During the 
acquisition phase the term corresponding to k = 0 has the 
dominant effect on the loop, since all terms in Eq. (16) pass 
through the loop filter. Thus, to a good approximation, the 
behavior of the Costas loop, neglecting the arm filters and 
ignoring higher-order Doppler derivatives, is governed by: 


n 0 -2A" /•(/) sin? 


where ? - 20. K‘ =<2/irtA', and H,, = 2n o , w!.ere is the 
initial frequency offset in radians per second. The 0 process 
then satisfies the same well-known differential equation 
(Ref. 5) that is satisfied by an ordinary phase lock loop. The 
effective Doppler offset is now 2fl 0 , and the effective gain is 
IK\ 

During tracking 0 and Eq. (17) can be linearized to be 


57 • n o -2*Vo»0 


Let f and u5„ denote the damping factor and natural 
frequency, respectively, of the linearized model Eq. (18). Then 
f and C n are equal to y/2 1 and >JT w* respectively, where f 
and ui* are those given in Eqs. (1 1) and (12) which correspond 
to the linearized differential equation governing p rather than 


< 894 Hz 


This pull-in range is much narrower than the arm filter 
bandwidth, which equals 200 kHz when the received data rate 
is 100 KSPS, so we are justified in neglecting arm filter effects 
for this computation. 

The pull-in time of the loop model governed by Eq. (17) 
can now be computed in the same way as that of the phase 
lock loop (Ref. 5): 


2v^^^/'2u;„) , 2f u* 


For the loop design at 100 KSPS mentioned previously the 
pull-in times for various initial frequency offsets are given in 
TableS. These predictions agree closely with measurements 
reported in Ref. 1 . 


VII. Conclusion* 

The design and performance prediction of the Costas loop 
tested with the Block III receiver at TOL as reported in Ref. I 
is documented in this paper. The test results reported in Ref. I 
are found to be in good agreement with these performance 
predictions. 
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Tabie 1. Loop bandwidths 


Data rjtes 


Desi^a point 

Loop bandwidth at ST/\' 0 - -4 dB 


I00KSPS 
250 KSPS 
500 KSPS 
1000 KSPS 


24,04 Hz 
60.1 Hz 
122.2 Hz 
2^4.4 Hz 


Table 4. Loop filter designs 


Data rates 

*« 

*2 

*3 

C 

100 KSPS 

50K 

3.08K 

10M 

9.9 2 nf 

250 KSPS 

50K 

6.68K 

10M 

1.866 ni 

500 KSPS 

50K 

13.6K 

10M 

0.4498 nf 

1000 KSPS 

50K 

27.2K 

I0M 

0.1125 pf 


Table 2. Loop filters 


Loop filter time constants 


Data rates r 2 


100 KSPS 

112.50 s 

0.03124 s 

250 KSPS 

1 8.00 s 

0.01246 s 

500 KSPS 

4.500 s 

0.006117 s 

1000 KSPS 

1.125s 

0.00306 s 


Table 5. Pull-in times of the Costas loop design receiving data rate 
at 100 KSPS 


Initial frequency offset 

Pull-in time 

100 Hi 

2.83 s 

200 Hz 

11.3 s 

300 Hz 

25.47 s 

400 Hz 

45.25 s 


Table 3. Arm filter designs 


Data rates 

2n X /, 

R 

c 

100 KSPS 

8 X 10 s rad It 

5ion 

2451 pf 

250 KSPS 

2 x JO 6 rad/* 

5lon 

980 pf 

500 KSPS 

4 X 10 6 rad/* 

510 n 

490 pf 

1000 KSPS 

8 X 10 6 rad/s 

5ion 

245 pf 


(f * 3 dB corner frequency) 
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The Constantin-Rao Construction for Binary Asymmetric 

Error-Correcting Codes 

R. J. McEliece 

Consultant 

E. R. Rodemich 

Communications Systems Research Section 


Recently Constantin and Rao gave an ingenious construction for a class of binary 
codes capable of correcting a single asymmetric error in this article we shall give a 
complete analysis of the size of these codes . 


I. Introduction 

Most known classes of binary error-correcting codes have 
been designed for use on symmetric channels, i.e., channels for 
which the error probabilities 1 0 and 0 ** 1 are equal. 

However, in certain applications (e.g., LSI memory protection 
(Ref. 1), optical communication (Ref. 6)), the observed errors 
are highly asymmetric, and the appropriate channel model 
may in fact be the Z-channel, in which the transition 0 -+ 1 is 
impossible. Of course any code capable of correcting t errors 
on a symmetric channel will also be capable of correcting t 
Z-channel errors; but at present there is no entirely satisfac- 
tory technique for dealing directly with asymmetric errors, 
comparable say to the BCH-Goppa construction (Ref. 5) for 
symmetric errors. Recently, however, Constantin and Rao 
(Ref. 1) gave an ingenious construction for a class of binary 
codes capable of correcting a single asymmetric error. Since 
our article is based on theirs, we begin with a description of 
the C.-R. codes. 

Let V n denote the set of binary n-tuples, and let G be any 
Abelian group of order n + 1. We suppose the nonzero 


elements of G are indexed g* l \ g( 2 h * • * , For each x = 
(Xj , * * • , x„) e V n1 we define 


y(x): = 22 X i gU) to 

1=1 

the addition in Eq. (1) taking place in G. For each g € G, 
define 

V n igY - i*€V n :y(x) = g] (2) 

Constantin and Rao showed that each of the subsets V n (g) is 
(qua code) capable of correcting one asymmetric error. They 
observed that since there are n + 1 sets V n (g\ and since each 
of the 2" elements of V n belongs to exactly one of them, then 

2 " 

i > ~T7 * for some € G 0) 

* n t l 

A 
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Since 2 n j(n + 1) is an upper bound on the cardinality of a 
single symmetric error-correcting code of length n , the simple 
bound of Eq. (3) already indicates that something interesting 
is afoot, 1 and one naturally wishes to know more about the 
numbers \V n (g)l As a step in this direction, Constantin and 
Rao showed that 

W n (0)\>\VJg)l a :l*eG (4) 

in effect Eq. (4) eliminates the need to consider V n (g) fo rg¥* 
0. However, this is as far as Constantin and Rao went; they 
were unable to find an exact formula for |K W (0)| except for 
certain special groups, and they did not identify the group or 
groups of order n + 1 yielding the largest value of |F W (0)|. We 
have been able to fill in these gaps using finite Fourier analysis. 
The details of our work appear in Sections fl and Ilf, but here 
we sketch our main conclusions. 

First, we have obtained an explicit formula for \V n (g)\ in 
general. The formula depends on the characters of G , and is 
given (with the change in notation noted below) in Theorem 1 
of Section III. For# = 0, the case of primary interest, however, 
the formula simplifies to 

w n m = ;rrr 2E 2 (n+i)/o(h) - 1 (5) 

h odd 

the summation in Eq. (5) beingjextended over all elements h G 
G whose order o(h) is odd. We can also show (Corollary 1, 
Section III) that the maximum of \V n (g)\ is often not attained 
uniquely: 

I ^ n (£)l < I ^ B (0)|, with equality if and 

only if o(g) is a power of 2 . 

In particular, if n + 1 is a power of 2, all CR codes of length n 
have exactly 2 n /(n + I) codewords. Since this is also the 
number of words in the Hamming single (symmetric) error 
correcting code of the same length, we conclude that the CR 
construction is uninteresting for these lengths. However, it will 
follow from our results that for all other lengths, the CR 
construction produces codes that are strictly larger than the 
best single symmetric error correcting code. 


'indeed, if n is even, the maximum size for a single symmetric 
error-correcting code b < 2 n Kn ♦ 2), and if n ■ !(mod 4), it is < 
2 /, /(« ♦ 3). (See Ref. 4, Chapter 17.) Hence (3) shows that the best 
CR code of lengths *0,1, 2(mod 4) has more codewords than any 
code designed to correct one symmetric error. 


We will also show (Corollary 2, Section III): 


< ^TT r + " 2 r / 

with equality if and only if n + 1 is a power of 3 and G is an 
elementary Abelian 3-group. And finally, we will show 
(Corollary 3, Section III) that among all Abelian groups of 
order n + 1, |F n (0)| is maximized only by those groups whose 
odd Sylow subgroups are elementary Abelian. 

Change in notation: 

In what follows, the order of G will be denoted by n rather 
than n + 1. Furthermore, in Section III we shall index the 
elements of G, zero included , as G = { g^°\ g^ x K * ■ • 
and redefine the mapping y: V -*G by 

7U): = £ x iS U) 

«=o 

We shall then study the numbers 

f(g)' = | {x£F: ?(x) = g} 1 

The effect of this is that to translate our formulas for /(g) into 
formulas for W n (g)\, one must: 

(1) Replace n by (» + 1). 

(2) Divide the /(g)’s by 2. 

Thus, for example, Corollary 1 in Section III reads /(0)< I In 
2 2 n/ °( h )\ using (I) and (2), we obtain |F„(0)l < l/(« + 1) 2 
2 (”* 1 1 , as claimed in Eq. (5). 


II. Some Fourier Analysis 

Let G be a finite Abelian group of order it, which we write 
additively. Then G is a direct sum of cyclic subgroups. This 
means that there exist elements 7, , Tj, * • • , y m in G of orders 
n t , ••• , n m with n • n, n 2 • • * n m , such that every 
element in G has a unique expansion of the form g *g, y t 
+ • • * + g m 7 ' > with 0 <g ( < n f i a 1 , 2, • • • , m. For brevity, 

we write 

For each i € {I, 2, • • • , m), let f, be a complex primitive 
/ 1 ,-th root of unity. We define a mapping (g, h) of G X G into 


12S 



the complex numbers as follows. Let g = (g, , * * • , g w ), h = 

h m ). 


<g. /*>: = n f/"' < 6 > 

/^I 


This mapping enjoys the following easily-checked properties. 


<fc h) = </». ft) 

(7) 

(ft h) (ft //’> = (ft h + //> 

(8) 

(ft //»> = (/ft /»> = (ft h)> 

(9) 

sr-> 0 if )r^0 

i< <*•" » if/l-0 

* e c 

(10) 

Now let /(g) be any function mapping G into the complex 
numbers. The Fourier transform /of /is defined as follows: 

fifty. = £ < ft. -g> fig ) 

g^G 

(ID 

Using the properties of Eqs. (7), (8). and (10), 
verify the Fourier inversion formula: 

it is easy to 

/te) = tt £ <h. g )f(h) 

" mec 

(12) 

This is well-known and can be found, at least implicitly, in any 
good algebra text, e.g., Ref. 3, Chapter 1. We now derive an 


alternate version of Eq, (12)* which is not as well-known, but 
which is often useful. 

Let us call two elements h and h* of G equivalent , and write 
h ** h\ if h and h! both generate the same cyclic subgroup of 
G. From now on we shall assume that the Fourier transform J 
of f has the property that f(h) - f(h ') whenever h~*h\ 

If G * CjUC 2 U. • • • UG, is the decomposition of G into 
equivalence classes, and if h v h r are arbitrary 
representatives of these classes, then Eq. (1 2) can be written as 


If h has order J , then every element h G. has the form h = 
jh i for some integer 1 </ < d t with (j\ d t ) = I . Thus by Eq. (9) 
the innei sum in Eq. ( 13) is 


£ < 14 > 

1 I ^ ^ j* 

Now by Eq. (9), (h {f g) is a complex tyth root of unity for a 
divisor e t - of d {t and it follows from a theorem of Ramanujan 
(see Ref. 2, Theorem 272) that the sum (Eq. ( 14)) is equal to 
0(t/ I )/i(e , | .)/0(t , l h where 0 is Euler's 0-function and p is Mobius* 
function. Hence Eq. (13) becomes 

1 ' vie,) „ 

m 4 e os) 

Notice that if we define the product of g - (gj, * * * , g m ) 
and // ~(h v * * * Jt m ) by 

gh = ig,h v - - ,g m h m ) (16) 

then the integer e i appearing in Eq. ( 1 5) is just the order of the 
element gh r Thus if for g 6 G we define 

Itfl = e = order te) (17) 


Eq. ( 1 5) can be written as 

/Of) = ^ £ 0 id,) \gh,) ?(h ( ) (18) 

<=t 

Finally we note that \gh] * Jg/r,) for all /i € and that 
|G,| = 0(t/^, and so Eq. (18) can be written in either of the 
following ways: 

/te) = 7" £ I 7(ty. if * ~ ( 1 9 > 

1 /= I 


/te) a ^-£ /(*,) £ <)».*> 03) /te)*-^ ^ •**!/(*) 

" <=i *ec, aec 


( 20 ) 


m 





III. Main Results 

Let (7 - Jtr (I \ • • ■ , gi n ~ 1 he a finite Abelian group 
(we assume = 0). and let 1 M denote the set of //-tuples of 
0’s and \\. For x - ( x Q , x r • *, * M ) € define the 
mapping >.r — G by 


'(x): = 53 v ^ (,> 


Our problem is to count the number of times each element tn 
G is covered in this mapping, i.e., to find the numbers 

/Or): = l{x€F :t(x) = *} | ( 22 ) 


We will solve this problem by using the results of Section II, 
Here is the result: 

Theorem I: 

For each g E G, 


/ Or) = 7 X) <*• *> 


f[ ii +<-//. j 


(from Fq. (S)) 


One can easily see from Fq. (h) that for a fixed value of //, 
with (f(h)~ d. the mapping g (-//. g*> is a homomorphism of 
(7 onto the complex J th roots of unity. Thus if A' denotes the 
product IV* 0 * (I + f'), f being an appropriate primitive 
complex J*th root of unity, f(g) = A' M/</ . But the d complex 
numbers { 1 + f'f d ^ are roots of the equation (r - I ) d I - 0, 
and so their product is 1 - (- 1 ) l/ . hence A' = 2 if</ is odd, 
A' - 0 if c/ is even. Hence 


f(h) = 0 if o(h) is even 




if o(h) is odd 


and theorem I follows. 


Corollary 1 : 


/(*)</( o) =4 L 2 


1 V* *>n/o(h) 


In particular. 


with equality if and only if o(g) is a power of 2. 


m * - E 2 


V>/0<A) 


From Theoiem t, 


(In Eqs. (23) and (24), the symbol o (h) denotes the order of 
the element h G G> and the summation is extended over all 
elements in <7 of odd order.) 


This will follow from Eq. (12), once we compute /(A). 
From Eq. (11), 


/(A)* 2 <ft ' '*>/(*) 


£ <•*•*>/(*) 
tea 


(from Eq. (9)) 


£ <-A.x 0 f (0) +'- +V,* < "' ,) > 

*eK_ 


/u) = irwi <7 53 1 <*•*> i - n/oih) 


But (h, g\ being a complex root of unity, has absolute value I , 
and so 


(from Eq. (22)) 




This inequality will be equality, if and only if (h,g) * I for all 
elements A of odd order. Now from Eq. (9) (A, g) will in 
general have an order which divides g.c.d. (o(h),o(g)), Hence if 
oig) is a power of 2. then (A, g) ■ I for all A of odd order, and 
equality holds in Eqs. (26) and (27). Conversely if o(g ) is not a 
power of 2, then in the expansion g • g l f l ♦ ■ • • + t m H m . 
there will exist an index / such that g f # 0, and oigp/^ is not a 
power of 2. If o(y f ) m n.*2 a q with q odd, let d * g.c.d. (2*g ( , 
n f ). Then d ^ 0 (mod n ( ) since gjlj* order is not a power of 2. 





Corollary 3: 


If G is a group of order n . then 

/(0) < j- £ a n in)2’'l' n ' (32) 

n - p , ( n ) 

with equality iff for all oddp, the Sylow ^-subgroups off/ are 
elementary Abelian. 

Proof: 

Let 

G = E °’p 

p\n 

be the decomposition of G as the direct sum of its Sylow 
subgroups. If it is a subset of P { (n) let S n be the subset of G 
consisting of these elements whose orders involve exactly the 
primes in it. Then clearly ISJ = a ff (/Jh and every element in 5 ff 
has order at least |tt). The inequality of Ha. (32) follows. 
Furthermore, equality holds in Hq. (32) iff each element in 
each S n has order exactly |rr], and this will happen iff each 
odd Gp is elementary. OLD. 

We conclude with one illustration of how Theorem 1 car. be 
used to compute the values f(g\ for all g EG. Suppose, then, 
that G ~Z*Z q is a direct sum of a cyclic p-group and a cyclic 
4 -group, p and q being odd primes. We represent the elements 
of G as pairs (x, v)* 0 < x < p,Q <*y <q. There are just four 
equivalence classes of elements in G, and we can choose as 
representatives of these classes (0, 0), (0, 1), (l . 0), (1 , 1). The 
following table will prove useful: 


1 


4 

Hd) 

/(\) 

0 

(0.0) 

1 

1 

2 

1 

(0. I) 

Q 

q- 1 

2 P 

2 

(1.0) 

P 

p- 1 

2* 

3 

(1.1) 

PQ 

( P ~ D(q- 1) 

2 


Now what Eq. (19) says, in essence, is that the value f(h f ) is 
the /-th component of the vector f * 1 In H ?, where H is the 
rXr matrix defined by 

H « <*/,) (33) 





-><7 _ 


<q I )2 1 


and f is the column vector whose /- th component is f[h t ), in ^ _ 1 ^ Pq + ^ j 

the present case, clearly 2 W 


» ( ''PQ “>P 'yQ 

and from the above table we compute 

iP ~ ) ) (P - 1 ) (q - I f 
ip- 1) -(P-1) 

-1 -(^7-1) 

-1 +1 

Hence 

/(/» 0 ) = ^{2 p<? + ( <7- 1 )2 P *(p- 1)2’+ ip- l)fa- 1)2} 
f{h i )= M { 2Pq ‘ - p +(P~ 1)2’- (p- 1)2} 


/'(/*,)= - {2'’’’ - y- 2’+ 2 '• 

y P ‘ 7 

For example with p - 3, = 5, we get /(// ) = 2192. /(/^ ) = 

2188, /(/; 2 )= 2184, /(/r 3 )= 2182. This means that the CR 
codes of length 14 defined by this group have 

10% if g - // Q 

1004 if# ^ h j 
* 1002 it > ~ A 2 
1001 if# ^ 

The best possible single symmetric error-correcting code of 
length 14 has only 1024 words (see Ref. 4, Appendix A). 


1 (Q- I) 

! 1 
1 iq- I) 

J “I 
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In a coherent data link , narrow-band radio frequency interference (RF!) near the 
carrier frequency can degrade the link performance by impacting the carrier tracking loop 
behavior and producing a partial or complete loss of coherence. If the RFI is strong 
enough * this effect can occur even though the frequency of the interference lies well 
beyond the carrier tracking loop bandwidth. In 1973, F. Bruno and A. Blanchard 
independently performed similar analyses of the response of a phase-locked loop (PLL ) to 
a continuous wave (CW) interferes and derived conditions under which the loop dropped 
carrier lock and tracked the interference instead. This paper compares the contributions 
of these two analysts ; and extends Bruno *s closed form approximation for the loop phase 
error. This result is applied in a subsequent article to the general problem of coherent 
detection of residual and suppressed carrier telemetry in the presenc e of strong CW 
interference . 


I. Introduction 

Because of increasing competition for the available RF 
spectrum* the DSN has become concerned about the disruptive 
potential of RFI on network operations. In an effort to define 
the RFI threat* the DSN is currently developing a sensitive 
wide-hand RFI monitoring capability to detect and identify 
sources of RFI at the Goldstone complex (Ref I). This 
surveillance system will characterise the RF environment in 
which the DSN functions, but a parallel activity is needed to 
investigate the effects of different classes of RFI on compo- 
nents of a DSN receiver, and ultimately to determine the 
resulting degradation in link performance. One recent example 
of this is Low's simulation work at DSS 1 1 to measure the 
increase in telemetry error rate due to CW interference at odd 
harmonics of the data subcarrier (Ref. 2)* As a further 
contribution to this effort* this paper reviews and extends 


some earlier analyses of the impact of a CW interferer on the 
performance of a carrier tracking loop. 

One of the first investigations of this problem was the 
experimental study conducted in 1966 by Britt and Palmer at 
Langley Research Center on second-order PLL’s (Ref. 3). They 
measured the loop phase error as a function of the interfer* 
cncc-to-carricr power ratio (Pj/P c ), and determined limiting 
values of P|/P c for which carrier lock was lost* for CW 
interference within the loop passband. In 1972. Ziemer. at the 
University of Missouri, repotted on a perturbation analysis of 
weak CW interference in Costas loops (Ref. 4). lie restricted 
the interference levels to be small enough to allow the 
degraded carrier tracking loop to remain in its linear operating 
range. In their independent analytical treatment of PLL's. in 
1973, Bruno (Ret. 5) of Hazeltine Corporation and Blanchard 
(Ref. 6) of Centre Spatial de Toulouse (France) eliminated this 


1*0 



««**■***•*»** <•« 


constraint, permitting Pj/P c to become large enough for the 
loop to produce a steady-state static phase error well outside 
the linear region. Using the same mathematical approach, they 
solved for the loop phase error and derived loss of lock 
conditions that are principally valid lor strong CW interference 
beyond the loop passband. However, whereas Blanchard left 
his solutions in implicit form, Bruno derived explicit approxi- 
mations for the degraded loop phase error that are accurate 
over a small part of the lock region. In the rest of this paper, 
we will examine the contributions of these two analysts in 
some detail, and extend Bruno's closed form approximate 
phase error results to the entire lock region. 


ing this trial solution for 0(7) into Eqs. (2) and (3), and 
equating the dc , cos Acer, and sin Ac ot coefficients on both 
sides of the resulting equation, Bruno derived the lock 
constraints 


sin X 


o 2 b i os 0 

v 0 (o) ' 


( 5 ) 


sin (X - v) 


g 2 § cos 0 
2 aJ t (a) ’ 


( 6 ) 


?*• 


•i 


II. Analysis 

Consider a PLL which is initially locked to a carrier with 
amplitude A and frequency co^. In the presence of a CW 
mterferer at offset frequency A to, with a 2 =Pj/P c , the PLL 
input is 


piS sin \p + 2/j(a) cos X"l 2 [>5 cos 2 , 

L •' 0 ow 2 («) J L 2/ . (a) J " a ’ 

(7) 

where 0 is the phase angle of F(jAco\ 5 is the normalized 
offset frequency 


f 


r(7) = \JlA [sin coj + a sin (to o + Aco) /] . (1) 

Neglecting the 2a> o term, the loop error signal is 

e(t) = \fl r(t ) cos [u o t - <£(/)] 

= A [(1 + a cos Ac ot) sin 0(f) + a sin A cot cos 0(f)] 

(2) 

Using the operator p = d/dt> the loop phase error is 
constrained by 

♦«--A kco [^] e(0, (3) 

where F(s) is the loop filter and K vco is the gain of the 
voltage-controlled oscillator (VCO). 

Equations (2) and (3) cannot be solved analytically for <p(t) 
for all values of a and Ato. However, bi.sed on their 
experimental observations, Bruno and Blanchard both adopted 
the steady-state trial solution 

0 (/) * X + o sin (Acof v) , (4) 


b 3 


Au> 

A Ky CO IFO’Aco) 1 1 


( 8 ) 


and 0 and 6 are implicit functions of Aco in Eqs. (5) -(7). The 
Bessel functions above result from expansions of sin [a sin 
(Ac of + r>)] and cos [a sin (Ac of + ”)] . This trial solution is 
valid if components at 2 Aco and higher can be ignored, which 
requires that o be on the order of 1 rad or less so that terms of 
the form J n (p) for n > 2 are negligible relative to their lower 
order counterparts. This does not severely limit the usefulness 
of these results since larger values of a correspond to peak 
phase errors on the order of ir/2 or higher, at which point it 
becomes questionable whether the loop can properly be 
characterized as being locked to the carrier. Since a increases 
monotonically with a, the implication is that as the ^terfer- 
ence power rises, there is a brief transition region in which the 
loop is not locked to the carrier or the CW interferer, and the 
form of the phase error differs from Eq. (4) for large o. 


Blanchard adopted the same trial solution and again 
considered only components at dc and Au>, but he made 
seveial simplifying assumptions. He neglected J n {o) for n > 1, 
restricted himself to second order loop filters of the form 


F(s) 


1 +r 2 $ 

1 


(9) 


where the static phase error X[e - ?r/2, n/2 ] . Note that Eq. (4) or 
implies that the average VCO frequency is co 0 , reflecting the 
assumption that the loop remains locked to the carrier with an 
RFMnduced oscillation at the beat frequency Aco. Substitut- 


ed) 


1 +iy 


( 10 ) 
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4 ' 



I 






where r » r,. and assumed that Au: » l/r, so that 


provide i 


i F'(y Ate) 




* * 0. 


Then Eq. (7) reduces to 


, r«= 5 r i, jv«'r i rv, ,.»!•' 

- N«'J i [v»>J i LwJ 


Actually. Blanchard's restrictions are not unreasonable. Most 
PI I 's are currently implemented with second order filters, and 
for a given a. a large Ate is c insistent with a small a, which is a 
necessary condition for the analysis above to be valid. What 
Bruno's results can accommodate that Blanchard's preclude 
are situations in which Ace is too small for Eq. (II) to hold, 
yet or is low enough to yield an acceptably small value of o. 

Note that Eq. (5) is meaningless when the magnitude of the 
right-hand side exceeds I. Consequently, Bruno and Blanchard 
both adopted I X | = n/2 to be the limiting condition for the 
loop to be locked to the carrier. They later confirmed this 
result experimentally. So, for a given Ace, the loop remains in 
lock for |A|<tt/ 2, which translates into 0 <a o or a o . 
Equation (5) defines o o as a function of 6: 


W 


2 

1 6 cos ^ 


In particulai, when Au; is much Liigei than the PLl 
bandwidth so that ^ ^ 0, Eq. (15) is accurate for a* < <%, 
which is everywhere Eqs. (13) and (14) are valid. 

For given loop paiameters and values of 6 and a it is 
difficult to compute o using Eqs. (7) or (12). While BlanJurd 
left his solution in this implicit form. Bruno simplified the 
computation by substituting 


- 1 and 2J i " 1 


in Eq. (7), resulting m the perturbation expressions, 


■> .> 

5 * + 2<S sin ^ cos A + cos* A + - a* 

4 


for small o. However, Eq. (17) is still complicated by the 
dependence of cos A on o via Eq. (5). To circumvent this. 
Bruno restricted his approximation to the region a « a } oi 
I sin A | « 1 , allowing Eq. ( 1 7) to trivially simplify to 


5 2 + 26 sin + I + “Or 2 
4 

In Appendix B, it will be proved that for a 2 « y/2 and 
any value of I A | < n/2, o 2 can be accurately computed from 
the explicit approximation 


and, using a = o Q with I A I = n/2 in Eq. (7) yields a Q : 

*’ ’ [ w] ! 1 * ft 1 ) 1 [w”ik>] | 


In Appendix A, it is shown that the implicit dependence of ct Q 
on 6 in Eqs. (13) and (14) can be replaced by the simple 
explicit relationship 


5 * + 26 sin ^ + 1 

In particular, if o 2 <" >/2, Eq, (19) is valid over the entire 
PLL lock region. Completing the solution for A and v for small 
a. Eqs. (5) and (6) reduce to 


sin A - 


sin (A - y) 


a 2 5 cos \)/ 


oS cos ^ 


a* 82-^7 
O cos W 


1 Bruno derived Eq. (15) (as did Blanchard with ^ = 0) for small o 0 (or 
large a 0 ); however, the constraint of Eq. (16) under which Eq. 15 is 
valid, is our contribution. 





III. Example 

To illustrate these results, consider a loop filter of the form 
of Eq. (9). representative of a PLL in a DSN receiver. For 
example, suppose 

r s = 2 sec 

7 2 = i sec 

A K vco = 1000 sec" 1 (22) 

for which the loop noise bandwidth at threshold and at the 
specified operating point are given by 



Applying Eq. (13) to the given loop parameters, we find 
that a o ^ 1 rad for Ai^/2n^B l : this is the region for which 
the analysis above is valid. Also, foi this range of At o, the 
constraint of Kq. ( lb) is satisfied, indicating that F.q (! ^) can 
be used to compute a*, the limiting interference-to-carrier 
power for which the PLL maintains carrier lock. The loop lock 
region is illustrated in Figs. 1 and 2. Using Eqs. (5) and (7) for 
Aco/ 277 near B t , and the simpler approximations of Eqs. (19) 
and (20) for Aco/2tt » B L , profiles of ot 2 and o were also 
computed for | X I < tt/ 2 and presented in these figures. As 
expected, the farther the interference lies outside the loop 
bandwidth, the larger the value of Pj/P^.. required to pull the 
loop out of lock, and the smaller its effect on the loop 
behavior as measured l v a . Also, a 2 » I over much of the 

o o 

lock region for which the analysis applies, which supports the 
strong CW interference restriction in the title of this paper. Of 
course, as mentioned earlier, for offset frequencies within the 
loop bandwidth corresponding to o Q ^ 1 rad. the loop can be 
pulled out of lock for Pj ^P c , and Eq. (4) simply does not 
represent the form of the phase error in this region. 


A K vco t 2 Figure 1 shows that for a given value of Aou, the loop phase 

j + - - error not significantly degraded until a 2 approaches me 

ff ^ ,_J = j 7 (, \\ z (23) limit This behavior is illustrated in more detail in Fig. 3 for 

1 4r 2 Acofln = 1000 Hz, using Eqs. (19) and (20). 
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Appendix B 

Derivation of Extended Range Approximation for cr 2 


For a 2 « 8/3, the Bessel function expressions of Kq. 
(A-2) simplify to 

J 0 (a) s 2J { ± s y 0 (aW 2 (o) - I (B-l) 

Substituting Eq. (B-l) into Eqs. (5) and (7) yields the 
approximations 


sin 2 X « min 

I ^ Vj 


■ rfi : _+A s m C' + fl 
“I! : |_ 11+^ sill ip \ J 

since Xe |- tt/2. n/2] . But for a 2 «\/2 , 

| sin X | « | 5 cos \ / \/2 , 


(B-7) 


(B-8) 


sin X ^ - 


a*5 cos \p 


o 2 - 


5 2 + 26 sin $ cos X + cos 2 X 


We want to prove that in the lock region. 


I sin X | < I , 


(B-2) 


(B-3) 


and, using Eq. (B-4), this implies that 

sin 2 X « 1 5 cosvH/VT. (B‘>) 

/ 

So Eq. (B-7) will follow if we can show that 

y/2 (5 2 +26 sin ^ + 1 ) 1 
j I 5 cos ip 1 1 I + 1?6 sin ^ I J 


0 = min 

1 S TJ« 


i > 1 


(B-4) 


(B-IO) 


Eq. (B-3) can be accurately approximated by Eq. (19), 
provided o 2 « V27 


From Fig. B-l, it is evident that /J may be written in the form 


When 1 6 cos \p | < \/2, we have 


| sin X | = ~ | 6 cos \p | < « i 


x/T(5 2 + 26 sin ^ + 1) 

I 5 cos 5// | 0 + 26 sin \p) 


; 0 < 6 si n ^ < 00 


V2 


(B-5) 


<3 » 


so that cos X as I and the desired result follows trivially. 

Now consider the region |6 cos i>l > %/2. To demonstrate 
that Eqs. (B-3) and (19) are equivalent, we will prove that the 
difference between the two denominators is negligible. That is, 
we want to show that 

A s | (25 sin + 1 ) - (25 sin ^ cos X + cos 2 X) | 


* sin 2 X 


1 + 


26 sin ^ 


« 6 2 + 26 sin ^ + 1 . 


1 + cos X j 

To verify Eq. (B-6), it is sufficient to prove that 


(B-6) 


\/2 (5 2 + 25 sin + 1) . 

71 TTTTTjn — 7T sin \p <0 (B-l i) 

1 5 cos ^ I (1 + 5 sin if) 3 


a/T( 6 2 + 25 sin ^ + 1) 2 

~rz rm — °° <6 sin ^ 

1 6 cos if | (- 1 - 25 sin if) 3 


It can be shown that there is no loss of generality in restricting 
5 and if to the range - n/2 < if < n/2 and 6 > x/2/cos since 
other values of these parameters yield a value of 0 fr n this 
restricted range. 

Now, using elementary calculus, for a given value of \j/ in 
this range, 0 in Eq. (B-l 1) can be minimized over 6 within i*s 
range: the results are presented in Table B-l . As shown in the 
plot of 0(6 mln ) vs. if in Fig. B-2. 0 has a minimum value of 1 
which occurs at ^ * 54.74° and 5 3 6 mln - 2.45. This com- 
pletes our proof. 


m 



Table 8-1. Variation of minimum value of p with <// 


Ranee of C 

mm W ) ►*(* ) 

rr, mm 

* > \ 2 /cos y 

°min 

nr' •* c s >>o 

{ 2 sin v cos y )~ 1 

OO 

8.65° v C ^ 30° 

2 V T U - sin v )/cos v 

U - 2 sin v ) 1 

(KC< 8.65" 

2 cos* + 4 VT cos v sin C + 4 
2 cos^ v + 4 \J~2 cos \if sin v 

v 2 /cos v 

-11.77° < * <0 

2 cos 2 $ + 4 V /1 cos v sin y + 4 
2 cos 2 v> + 2 V? cos C' sin o 

>/ 2/cos ^ 

-30° < v * -11.77° 

-{\f 2 sin ^ cos C/T 1 

<» 

-47.60° < C < -30° 

2 y/~2 (1 + sin y )/cos C- 

- ( 1 +2 sin vT 

-90° h y -47.60° 

2 cos 2 C + 4 \ / 2 cos C sin C' + 4 
-2 cos 2 ^ -4 >/ 2 cos v sm £ 

V 2/cos y 



Fig. B-1. Upporbound on|1+T>x|for1si7s2 Fig. 8-2. Behavior ot min {p) at a function of * 

6> v/2/00. v(/ 
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DSS 13 Antenna Monitor System 

B. Siev and D. Bayerno 
Communications Systems Research Section 


A monitor system is being developed for the 26-meter antenna at DSS 13 so that 
unattended station operation can proceed safely . The antenna has been successfully 
operating unattended since July 1978. 'This article documents the part of the monitor 
system that is currently in use. A later article will be issued which will document the full 
monitor system . 


I. Introduction 

The part of the monitor system that is currently function- 
ing at DSS 13 checks system pressures, accumulator pressures, 
differential pressures, wind velocity, power supplies, fluid 
temperatures and fluid levels. These system measurements are 
sent to the antenna controller from a data sampler that 
interrogates the transducers. The antenna controller decides 
and takes appropriate action. Some measurements are checked 
continuously and some measurements are checked as a 
function of antenna state. 

II. Continuous Tests 

A. 5-Second Tests 

(1) The data sampler 

If it is not functioning, the antenna is shut down and 
the problem is logged. 

(2) The wind tower power supply 

If it is not functioning, the antenna is shut down and 
the pro^lejn is fogged.* 

Soc<; • 


(3) Fluid level 

If it is greater than 23 cm or less than 1 1 cm, the 
antenna is shut down and the problem is logged. 

(4) The 2 control room power supplies 

If either is not functioning, a warning is logged. 

(5) The fluid temperature 

If the fluid temperature is too high, the antenna is 
stowed and the problem is logged. 

(6) The lube oil pressure switch 

If the system is not pressurized, this test is ignored. If 
the system is pressurized and the lube oil pressure 
switch is off, the system is shut down and the problem 
is logged. 

B. IB-Second Tests 

(1) Wind velocity and gusts 

If the wind velocity exceeds 20 m/s or gusts exceed 25 
m/s, the antenna is stowed and the problem is logged. 

(2) Wind direction 

Wind direction is displayed. 
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III. Electronics On, Pumps Off 

A. Disable Monitor Circuit 

If it is off, the antenna is shut down. The monitor system 
determines which of two conditions caused the problem: loss 
of the Hydro-Mcch 28 v power supply or disable button, and 
logs the problem. 

B. Accumulator Pressures 

If any pressure is not within the specified range, the 
antenna is shut down and the problem is logged. 

( 1 ) Azimuth low speed 

5.5 X 10 6 - 8.3 X IO 6 N/m 2 

(2) Azimuth high spe:d #1 

6.9 X !0 6 -9.3X I0 6 N/m 2 

(3) Azimuth high speed #2 

6.9 X I0 6 - 9.3 X 10 6 N/m 2 

(4) Elevation System #1 

8.3 X 10 6 ~ 10.3 X I0 6 N/m 2 

(5) Elevation System #2 

8.3 X I0 6 - 10.3 X I0 6 N/m 2 


C. Brakes 

If any brake is off, the antenna is shut down and the 
problem is logged. 

IV. Pumps On, Low Speed, No Drive 


B. Brakes 

If any brake is off, the antenna is shut down and the 
problem is logged. 


V. Pumps On, High Speed, No Drive 

A. Accumulator Pressures 

If any pressure is not within the specified range, the 
antenna is shut down and the problem is logged. 

( 1 ) A/imuth low speed 

5.5 X 10 6 8.3 X 10 6 N/m 2 

(2) Azimuth high speed #1 

8.3 X 10* - 15.5 X 10 6 N/m 2 

(3) Azimuth high speed #2 

8.3 X 10 6 ~ 15.5 X I0 6 N/m 2 

(4) Elevation high speed 

18.6 X 10 6 -2I.4X 10 6 N/m 2 

(5) Elevation system #1 

18.6 X 10 6 - 21.4 X I0 6 N/m 2 

(6) Elevation system #2 

18.6 X I0 6 - 21 .4 X I0 6 N/m 2 


B. Brakes 

If any brake is off, the antenna is shut down and the 
problem is logged. 





VII. High Speed Drive 

A. Differential Pressures 

If any procure exceed* the specified 
20 seconds, the antenna is shut down 
logged. 

(1) Azimuth high speed 

1 3.X X I0 6 N/m 2 

(2) fcievut ton high speed 

12.8 X 10* N/m 2 


B. F. rakes 

It any brake is set, the drive command voltage is ^ei to zero. 

, t .. , . the antenna is shut down and the problem is logged, 

limits toi longer than r r " 

and the problem is 

VIII. Comments 

The monitor system has been functioning as planned. It has 
been used since July 1078. It has performed properly m high 
winds and has correctly reported all malt unctions that it was 
designed to identify. 
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Codes for a Priority Queue on a Parallel Data Bus 

D. E, Wallis and H. Taylor 
Communications Systems Research Section 


Ihc article describes some codes for arbitration of priorities among subsystem 
computers or peripheral device controllers connected to a parallel data bus. At arbitration 
time , several subsystems present wire- OR, parallel code words to the bus, and the central 
computer can not only identify the subsystem of highest priority, but can also determine 
which of two or more transmission services the subsystem requires. The article contains a 
mathematical discussion of the optimality of the codes with regard to the number of 
subsystems that may participate in the scheme for a given number of wires, and also die 
number of services that each subsystem may request. 


I. Introduction 

This article describes some codes for arbitration of priorities 
among subsystem computers or peripheral device controllers 
connected to a parallel data bus. At arbitration time, several 
subsystems present wire-OR, parallel code words to the bus, 
and the central computer can not only identify the subsystem 
of highest priority, but can also determine which of two or 
more transmission services the subsystem requires. This article 
contains a mathematical discussion of the optimality of the 
codes with regard to the number of subsystems that may 
participate in the scheme for a given number of wires, and also 
the number of services that each subsystem may request. 


II. Mathematical Discussion 

' Consider m users strung out along a bundle of n wires, 

i along which they send one of three demands each, to a central 
terminal. User i can demand action A t , action or no action, 
t Each individual wire carries one bit of information (0 or I ) to 

\ the central terminal, namely, no users signal is on that wire or 

some users signals are on that wire. 

h 


By way of »*oding we can design a black box for user i, with 
buttons A i and R i causing t '"> preselected choices of signals 
for the bundle of wires. Pushing neither button will contribute 
the Boolean zero; pushing A i will send one Boolean word of n 
bits (not all 0); pushing B ( will send another; pushing both A i 
and ti i at once will be prevented by a mechanical contrivance 
inside the black box. 

When the system is operating the central terminal is 
supposed to be able to '‘understand’* every possible message it 
gets on the bundle of wires. Whatever Boolean word it gets it 
must identify the user of top priority in that word, as well as 
the demand of that user. 

The example in Fig. I has users 1 , 2. 3 on a bundle of four 
wiies. Each wire is represented by a column in the figure. For 
each “button” there is a row representing the Boolean word of 
four bits that button will contribute. Thus, if user 3 pushes 
button By user 2 pushes button A 2 , and user 1 pushes button 
B 4 . then the word at central will be w J w 2 w J w 4 * 0112, and 
central will know that the top priority user 3 is “on” and 
specifically demanding B r 

To show that the system always works we need an 
algorithm to analyze any Boolean word w t w 2 w 2 w 4 which 


* 


.1 

& 
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might appear at the central terminal. One such algorithm Is 
pictured by the decision tree in Fig. 2. 

Now more generally we can try for the most efficient 
priority queue (PQ) on n wires. In the example of Fig. 1 we 
could handle one more user of higher priority than the others, 
allowing him just one button. The scheme in Fig. 3 shows a 
way of putting n users on n wires, giving two buttons each to 
all the lower priority users and one button to the top priority 
user. 

A clearly defined combinatorial problem arises from the 
example scheme of Fig. 3. Under the given conditions, could 
any of the users be given more buttons? Arthur Rubin has 
given a proof that the answer is “no.” Thus the optimality of 
the scheme in Fig. 3 has been proven. 

Here is proof (due to Uoyd Welch) that if there arc n users, 
then there must be at least n wires, and the top priority user 
can be given only one button. 

We assume, of course, that each user has at least one but- 
ton, and say that the useis are 1,2, * , n with n having top 

priority. Consider the foliov/ing sequence of possibilities. 

(1 ) User 1 (lowest priori\y) pushes one of his buttons. For 
central to know it there must be at least one wire 
let’s call itp r 

(2) User I is on p x and usei 2 pushes one of user ?’s 
buttons. There must be another wir c p 2 just to tell that 
(higher priority) user 2 is demanding something. 


(n) User 1 is on p r user 2 is on p v * • • , user nA is on 
p n x , and user n pushes one of his buttons. As in each 
previous case, there must be another wire p n different 
from the wires p v • * ■ f p n just to tell central that 
user n is demanding something. 

Finally, the top priority user cannot be given a 
second button because that would require yet another 
wire different from p x , * , p and different from 
Pn 

III. Application 

The PQ has been used as an arbitration code for parallel 
arbitration of data-transmission priority among multiple users 
(subsystem computers) of an optimized, 24-line, bi-directional, 
digital data I/O and control bus connected to a centra! 
computer. 

On this bus, it was desired to time-share the data 
transmissions and the priority arbitrations on the same wires. 


The purpose of the arbitration by the central computer was to 
identify, from among many subsystems having simultaneous 
pending requests for data transmission, that particular subsys- 
tem whose priority was the highest at that instant. Further, 
the scenario for use of the data bus identified two actions (or 
services) that eacli subsystem could request: 

(!) Data input (subsystem has read and unloaded Us 
data-input register, and is ready for next input ). 

(2) Data output (subsystem has written and loaded Us 
data-output register, and is ready to output). 

It was then desired to vector these requests to the cent i a! 
computer, so that the central computer would not have to 
make any further tests to determine the direction (input or 
output) of the desired data transmission. It was evident that 
economy of wire usage would require the subsystem computer 
to determine, for itself, which direction of transmission was 
the more important at a given instant. Then, the subsystem 
would make an interrupt request, and would drive the bus at 
arbitration time with a parallel code word, the receipt of 
which at the computer would he sufficient both to identify 
the subsystem and to identify the desired direction of 
transmission. 

In the bus design, it was desired to arbitrate priorities in a 
manner which was independent of the relative positions of the 
various subsystem computers, and the central computer itself, 
along the bus, i.e., independent of the electrical closeness of 
the subsystems to the central computer. Thus, the parallel, 
wire-OR connection for driving the arbitration code words 
onto the bus was adopted. It then became evident that it 
would be desirable to maximize the number of users that 
could arbitrate simultaneously on a Fixed number of available 
wires. Thus, the combinatorial study of the various possibi- 
lities and their degree of optimality was undertaken. 

IV. Conclusion 

The number of wiu*s in the data bus is becoming a major 
cost factor in computer and signalling systems, and it is highly 
desirable to maximize wire utilization. When parallel arbitra- 
tion of transmission priorities is used, as for example on the 
Mod Comp* computers of the DSN, more arbitration informa- 
tion can be carried on the wires than is presently transmitted. 
With 16 data lines and one “request” line, the Mod Comp 
presently arbitrates 1 7 priorities, with (in the terminology of 
this article) one demand per priority. The scheme discussed 
here, when applied to the Mine case (where one wire of the 17 
is a “request”), also permits 17 priorities, while also affording 
two demands to 1 5 of these priorities. 


1 Mod Comp** it r registered * mice mark of Modular Computer Sys- 
tems, Inc.. Ft. Lauderdale. Florida. 
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Fig. 1. Example of priority code on 
four wires with three users and 
two actions per user 



2 Decision tree for decoding the example cod* given In Fig. 1. Fig. 3. Efficient priority codes that maximize the number of user* 

on n wires, n = 2, 3, 4, 5 


V 

OPWOIHAU * 

OF FOOS QUAUft 
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Mathematical Model for Preventive 
Maintenance Scheduling 

G. Lorden 

California Institute of Technology 

D. S. Remer 

Communications Systems Research Section and Harvey Mudd College 


A model is formulated to describe the effect of the time interval chosen for preventive 
maintenance upon the frequency of failure and frequency of total maintenance (preven- 
tive and corrective). Tradeoffs between these two frequencies are determined by compu- 
tation of an optimal interval in the case where the failure distribution is known. For 
unknown distributions , an adaptive statistical technique is developed that converges to an 
optimal preventive maintenance interval. A numerical illustration is given. 


I. Introduction 

The proper goal of a preventive maintenance policy is to 
improve the availability and reliability of equipment. Such a 
policy is likely to be cost-effective, however, only if it is 
designed to take into account and to control the overall cost 
of corrective and preventive maintenance. DSN experience 
shows that preventive maintenance is a substantial component 
of cost (Ref. 1). This article is intended as a first step in the 
development of effective methods for reducing preventive 
maintenance costs by performing such maintenance only 
where and when it is most effective. 

The basis for the method studied in this article is a probabi- 
listic model of successive maintenance cycles. Each cycle ends 
with the performance of preventive maintenance at a sched- 
uled time, or, if failure occurs earlier, with corrective mainte- 
nance. Whichever way a cycle ends, the successive cycles are 
assumed to be generated by independent trials of some failure 


distribution. The broad class of failure distributions considered 
allows for the possibility of higher failure rate early in the 
cycle, e.g., occasional bad effects resulting from maintenance 
activity. 

After formulation of the model and derivation of necessary 
formulas in Section II, it is determined in Theorem 2 of Sec- 
tion III how to make optimal tradeoffs between the frequency 
of failure and frequency of maintenance (preventive and cor- 
rective combined) by choosing the right time interval for 
preventive maintenance based on a known failure distribution. 
Section IV considers a statistical technique for the case of 
unknown failure distribution. This technique modifies the 
choice of intervals for preventive maintenance as experience 
accumulates. The sequence of choices converges in probability 
to the optimum, as shown in Theorem 3. A numerical example 
illustrating the required computations is given in Section V. 
Additional remarks, including possibilities for further investi- 
gation, comprise Section VI. 
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II. The Model 

Consider a fixed type of reparable equipment whose tunes 
between failures T x , T 2 . * ■ * are independent with distribution 
function F. Assume that F has a continuous density /, and let 
// be the failure rate function, //A where F = 1 - F. Thus,/r(/) 
represents the rate of failures in the interval between t and 
t + dt. Suppose that a time interval m > 0 is chosen for preven- 
tive maintenance. Then if a time m has elapsed since the last 
failure, preventive maintenance is performed. It will be 
assumed throughout that preventive maintenance, as well as 
corrective maintenance, restores the equipment to the condi- 
tion where its time to next failure has distribution function F. 


III. Optimal Preventive Maintenance for 
Known F 

Suppose that it is desired to choose a maintenance interval 
m > 0 to minimi/e 

R(m) = Frequency of failures + c • frequency of maintenances 


F{m\ + <■ 



Theorem 1 : 

If m > 0 is the preventive maintenance interval, then 


frequency of failure 


F(m) 



where c > 0 is chosen in advance. The choice of c determines 
the tradeoff between the two frequencies. If the choices made 
for different types of equipment are proportional to the rela- 
tive costs of maintaining them, then the total spent on mainte- 
nance is distiibuted optimally tiiat is. minimizes the total 
failure rate of all equipment types. This is analogous to the 
determination of optimal allocations of spares to different 
types of equipment (Ref. 2). 


I 


f 


•f 


i 


i 




and 


frequency of maintenance = 



1 


F 


This section considers the case where the failure distribu- 
tion, F, is known and, hence, also / and h. Though not very 
practical, it is an instructive case to consider, and the results 
obtained provide a foundation for the more realistic formula- 
tion in the next section. 


the latter including both preventive and corrective mainte- 
nance. 

Proof: 

If T x , T 2 , • • are the successive times between failures in 
the absence of preventive maintenance, then X x = min (wi, 
7\), X 2 = min (w, F 2 ), * • * are the times between mainte- 
nances, and they are independent and identically distributed. 
Let N be the number of A"$ until the first failure, i.e., the first 
time X n -T n . Since N is distributed like the number of 
independent flips required to get the first “Heads," where 
AHeads) = P(T<m) = F(m), EN*MF{m). Let S n * 
X x + • • • + X n y n > 1, and note that the time of first failure is 
S s = + ‘ * * + *N» after which the whole process repeats 

itself. Since ES y = EN • EX t by Wald's equation for randomly 
stopped sums, the frequency of failure is 

1 s \ _ F(m) _ F(m) F{m) 

ESy EN • EX x EX x rm 

P(X t >t)dt F 

Jo Jo 

Similarly, the frequency of maintenance is 1/EXj, which is 
given by the formula stated in the theorem, and the proof is 
complete. 

* 
i 

V * 


Theorem 2: 

Assume that the failure rate function, //, is continuous and 
positive on (0. °°) and is “peak-free," i.e., is either monotonic 
or else, for some d > 0, is nonincreasing on (0, d) and nonde- 
creasing on [ d , °°). Then the limit of h at +°°, //(»), exists 
(possibly infinite) and 

(1) If c>h(°°) ET~ 1, then R(m) is nonincreasing and 
bounded below by its limit at +°°, (1 + c )/£T, which is 
attainable by choosi * = +°°, whereas 

(2) If c</r(°°) ET- 1, the solutions of /?(w) = /l(w) 
are an interval [nip m 2 \ (possibly m x =/w 2 )such that 
R(ttt) is decreasing on (0, Wj), constant jn (tfij,ro 2 ], 
and increasing on [m 2 , °°). 

Proof: 

The limit h(°°) exists since h is either nonincreasing or else 
is eventually nondecreasing. By routine calculation, 
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where 


G(w) = h(m) I F - \F(ni) + c\ (2) 

Jo 

and 

Q(b)~Q(a) = |/i(M-/r(fl)| f F+ f [hib) - h\ F (3) 

Jo J^ 

It is clear from Eq. (3) that h(t)>h(b) for all t<b implies 
that £)(/) > £(b) also. Hence. Q is nonincreasing on any inter- 
val (0, J) where h is. Also, if h(b)> h(a), then Q(b)> Q(a) 
and. hence. Q is nondecreasing wherever h is. Thus, Q is 
peak-free like h and by (2) is also continuous. Since 
R(m) -► as m i 0, R\m) < 0 for arbitrarily small positive m 
and by Eq. (1), therefore, Q(m)<0 for arbitrarily small posi- 
tive m. Since a peak-free function cannot assume a sequence of 
values negative-to-positive-to-nonpositive, evidently either Q is 
never positive o*“ else it is negative on some interval (0, w,). 
zero on [w t , m 2 |. and positive (as well as nondecreasing) on 
(m 2 ,<»). These two cases occur respectively, as Q[°°) = 
h{°°)ET‘ (1 +c) is ^=0 or >0. Since, by (1 ), R* and Q have 
the same sign, the conclusions about R(m) in the two cases 
follow immediately and the proof is complete upon noting 
that, by Eq. (2), 0 (/h) = 0 is equivalent to R(m) - h(m). 

Note that if h is differentiable, then 

F. 

o 


n no. of observations surviving t R 
no. of observations teaching t R 

t k <x 

where the t k s are the points at which failures have been 
observed. Here the “number of obseivations reaching t k " is 
just the number of }~s >/*, while the “number of observa- 
tions surviving t k " is the same number minus the number of 
observed failures at f k . It is convenient to modify the defini- 
tion of A(.v) by stipulating that A(.v) = 0 for v > largest 
obseivation (failuie or not). Noie that A( 0) = 1 and A is a step 
function with downward jumps at the points where failures 
have been observed, falling to 0 after the largest observation. It 
is well-known that A(.v) is a consistent estimator of Fi x ) 
(Ref. 1), i.e., if A M (.v) denotes the estimate after n c\clcs. 
, Y tr then 

A (.v) F(.y) with probability one as n 00 

for .v such that M n > x for infinitely many n. In fact, this 
convergence is uniform for such.v because the functions K n (x) 
are bounded and nonincreasing. 

A recipe for choosing A/,, A/ 2 . ■ • can be given as follows. 
Let A„(-) denote the estimate of the function /?(•) obtained 
by using A'„(.v) in place of Afv) in the definition of R (note 
that 1 - K n replaces F). Then let A/, = +<*> and for n > I . 

( 1 ) Let M* denote the value of m minimi/ing A n (w). 

(2) Choose A/ m+ , = A/* with probability I - I In 
~ +« with probability 1 In. 


mf 





and Newton’s method can be applied to solve Q(w) = 0 numer- 
ically. 


IV. An Approach to the Optimal m When 
F is Unknown 

Under the assumptions of the preceding sections, we ^ill 
now show how to choose successive maintenance intervals M x , 
based on accumulating experience, so that \M n ) 
converges to the optimal interval [m { , m 2 J in probability. The 
choice of A/,. + x is based on the observations Y ]9 Y 2 * • * ‘ >Y n , 
where Y t * min (M it T t ) are the successive times between 
maintenances, and the choice also takes into account which of 
the Yf s are failures (i.e., T { <M f ). ITie method is based upon 
estimating the “survival function,” FXx), at every stage by the 
Kaplan-Meier < 'f. 3) Product Limit Estimate (PLE) 
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Step (1) is computationally feasible since the numerator of 
R n (m) is constant for m between successive failure times, r k , 
whereas the denominator increases, and it is easy to verify that 
the minimum of R n (m) is attained either at one of the failure 
times, t k , or at the largest observation (failure or not). (Note 
also that the integral in the denominator of R n (m) is easily 
calculated since the integrand is A w , a step function.) The 
randomization device used in step (2) provides a means of 
increasing M n from time to time to gain information about 
possible m’s larger than the ones used so far. 

For the scheme of choosing {Af„} just described, we obtain 
the following result: 

Theorem 3: 

If b < m v a>m v then MR. t\M n <b)* 0, «R. l\M n > 
<?) 3 0, and ^JlR. / > (A(A/ n ) >/?(w,) + e] =0fore>0. 


v *** ** ■ 


■ ' % ..V 


—1 

A 



Proof: 

Since ^(.H* -t- M n ) = \(n 0, a suffices to prove all three 

conclusions with M * in place of M n . To prove the first conclu- 
sion for M* r it suffices to show that for h < m { , with ptobabil- 
tt\ one. all hut finitely many M*' s are > b. 

Now, since 

E p w» * ’v 


diverges, infinitely many M n \s equal +°° and, lienee. 
tf„(w) ~*R(m) uniformly on (0, b + 1 ] . 

Also, for all w < b , R(m) >R(b)>R{ min (6 + 1 , m y )), so 
that, tor sufficiently large /r, by the uniform convergence, 

/?„(/«) > /^(min (/; + !, /«, )) for all tn < Z> 

which implies that M* > b. Thus, only finp 4v many A/* are 
less than b , and the first limit in Theorem 3 is proved. 

The second limit is shown to be zero by a similar argument. 
The third limit is zero since by Theorem 2 R(m) > R(m x ) + e 
only it m < b or > a for some b </Wj or J>m v 

V. A Numerical Example 

To illustrate the computations needed for the method of 
the preceding section, suppose that successive cycles of lengths 
(in days) 47, 26, 26, 19. 27. Ry, 18, 20, 20, 35 are observed, 
where the underlinings denote failures. Assume that c = 0.5. 
The necessary computations are shown in Table 1, and K and 
the estimated R are graphed in Figs. 1 and 2. Note that the 
computations only need to be performed at time points where 
failures occurred and at the largest observation (failure or not). 
The minimum R(t ) is at the largest observation, 47. Thus, 
M j* 0 = 47 and this value would be chosen as the preventive 
maintenance time for the next cycle, unless the randomization 
produced M n = +°° (the probability oi this being 0.1), in 
which case there would be no preventive maintenance in the 
next cycle, and the cycle would end at the next failure. At the 
end of the next cycle, new computations of the entries in 
Table 1 would be required. If the cycle ended at 17, for 
example, the “16” column would be unchanged, but the “19” 


and “2o” columns would be recomputed. Also, if the cycle 
ended with a failuie (at a new Maine), then a new column 
would be insetted foi that /-value. 

This updating of the columns after each cycle is not diffi- 
cult because Kir) is obtained by muhiphing the value in the 
piecedmg column by a fraction, and the mtegial of A'(.v) up to 
/ is obtainable by adding the area of a rectangle to the mtegial 
in the piecedmg column. 

VI. Additional Remarks 

hi piactice, the situation is usually slightly mote compli- 
cated than that dcscitbed in the preceding section, because one 
has several pieces of the same type of equipment and simul- 
taneously must set M tJ ' s and accumulate experience ftoni all of 
them. It is not hard to modify the recipe, however, to deal 
with tins situation. One can simply recalculate A(* ) after each 
observation (on any of the pieces) and calculate the next M n 
desired. If one or more pieces have already exceeded an 
elapsed time of M n since their last maintenance, then perform 
preventive maintenance on them. Thus, one sometimes ob- 
serves longer cycles than the recipe would call for, but there is 
no significant change needed in the proof of Theorem 3 or in 
the carrying out of the recipe. 

It is interesting and perhaps useful to try to relax the 
assumption that preventive maintenance restores the equip- 
ment to its original failure distribution, F - say, to allow a 
separate contribution to the failure rate depending upon the 
age of the equipment. It is straightforward to modify the 
“known F' analysis of Section 2 to accommodate this sort of 
extension even if the age-contribution is unknown (since it 
is unaffected by the choice of m and, hence, acts merely as a 
sort of “background radiation” of failures). The extension in 
the “unknown F' case, however, seems more difficult. It is 
perhaps helpful to assume that the age-dependent failure rate 
is known. 

Another promising approach to the determination of pre- 
ventive maintenance strategies is the use of measurements of 
“indicator variables” reflecting the need for preventive mainte- 
nance. These variables might be levels of contamination, pres- 
sure, vibration, etc., or various measures of performance like 
the rate of random errors. By measuring such variables, one 
can expect to anticipate failures that could be prevented (or, 
at least, postponed) by timely maintenance. 
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This article summarizes the maintenance data base collected for 15 weeks of recent 
unattended and automated operation of DSS 13, During this period , DSS 13 has been 
receiving spacecraft telemetry while being controlled remotely from JPi in Pasadena. 
Corrective and preventive maintenance manhours are reported by subsystem for DSS 13 
including the equipment added for the automation demonstration. The corrective and 
preventive maintenance weekly manhours at DSS 13 averaged 22 and 40, respectively. 
Die antenna hydraulic and electronic systems accounted for about half of the preventive 
and corrective maintenance manhours. A comparison is presented for overall preventive 
and corrective maintenance manhours for a comparable attended DSN station , DSS 11. 


I. Introduction 

The tracking time now available to the end user at a Deep 
Space Station is reduced by time spent for maintenance, 
operator training, checkout and calibration. The efficiency of 
the DSN would be greatly increased if the time for these 
other functions were decreased. Also, the reliability of the 
DSN may be increased by reducing the load on operations 
personnel. 

As a result of these potential improvements in DSN 
efficiency and reliability, a research program was started 
several years ago at DSS 13. The station has now been 
automated and is being operated in an unattended mode for 
spacecraft telemetry reception. Data are now being collected 
to evaluate this operation. 


This article will present the preliminary maintenance 
experience at DSS 13 for unattended, automated operation. 
Both corrective and preventive maintenance are considered, 
and where possible, comparisons are made to a manned 
operation at DSS 1 1 . Before this maintenance data is pre- 
sented, the automated system and its capability will be 
described. 


II. DSS 13 Description — Automated Station 

DSS 13 is a 26-meter station at Goldstone, California. 
Central control and monitor for this station are aonc from JPL 
in Pasadena by an operator at NOCC. This automated and 
remote operation only for spacecraft telemetry reception was 
implemented in 1978. The operator enters configurational 


ISO 



control and predicts. Monitor data are also available to him. 
The station is (I ) powered up, (2) checked out, (3) spacecraft 
telemetry is acquired and tracked, and, (4) the station is 
shutdown, all remotely from Pasadena without an operator at 
the station. There is automatic antenna shutdown capability ; n 
case of high winds or certain servo drive failures. 

The telemetry stream from DSS 13 is sent to DSS 1 1 for bit 
detection and then via high speed data lines to the flight 
project at JPL. Work is underway so bit detection can be done 
at DSS 13. 

The DSS 13 unattended operations design uses micropro- 
cessors minicomputers on each controlled subsystem for (1) 
configurational control, (2) monitoring, (3) operation, and (4) 
checkout. 

A central station microprocessor is used for supervision of 
subsystem monitor and control processors. The antenna, 
microwave, and receiver subsystems are now under centralized 
control. Only downlink capability is now available; however, 
uplink capability will be implemented in 1979. The 100- 
kilowatt S-band transmitter and exciter subsystem will be 
added during 1979. While DSS 13 has been in the unattended 
mode, telemetry data has been provided to the Voyagen, 
Pioneers 10 and 1 1, and Helios projects. 

The following section will describe the maintenance experi- 
ence during this initial remote unattended operation of 
DSS 13. 


III. DSS 13 Maintenance Data Base 

The maintenance data base for DSS 13 operation under 
remote, automated operation from NOCC in Pasadena is 
shown in Tables 1 and 2. These data are for the 15-week period 
of June 18, 1978 through September 24, 1978. The data ate 
summarized in weekly increments. Corrective maintenance is 
shown in Table 1 and preventive maintenance in Table 2. The 
maintenance data are broken down by subsystem. An asterisk 
next to the DSS 1 3 subsystem means that this equipment has 
been added for this demonstration. 

IV. Discussion of Results 

A. DSS 13 Correctly* Maintenance 

The corrective maintenance at DSS 13 averaged 22.2 man- 
hours per week with a standard deviation of 12.8 during this 
period. Shown below is the percent of corrective maintenance 
manhours for each subsystem. 





i? 


Subsystem 


Corrective 

maintenance 

manhours 


Antenna electronic systems 38.1 

Block III SDA 17.1 

Antenna hydraulic systems 10.6 

108 kHz subcarrier oscillator microwave 

link transmission 9.5 

Antenna terminet 7.7 

Antenna clock 6.1 

Block 111 receiver 4.7 

High-speed data line microwave link 

channel 3.0 

Antenna control computer (MOD COMP 11/25) 2.6 

Maser compressor 0.6 

100.0 


The antenna electronic and hydraulic systems and the 
Block III SDA account for over half of the corrective 
maintenance manhours, Note that in Table 1 about half of the 
subsystems, such as the maser refrigerator, required no 
corrective maintenance. 

B. DSS 13 Preventive Maintenance 

The preventive maintenance at DSS 13 averaged 39.5 
manhours per week with a standard deviation of 14.8. Shown 
below is the percent of preventive maintenance manhours for 
each subsystem. 


Subsystem 


Preventive 

maintenance 

manhours 

% 


Antenna hydraulic systems 

43.9 

Antenna electronic system 

15.3 

Maser compressor 

il.l 

Block III receiver 

8.8 

nock III SDA 

6.5 

108 kHz subcarrier oscillator 

5.1 

Antenna control compute!/ ,, 


(MOD COMP 11/25) 

4.5 

Maser refrigerator 

3.8 

Station controller (8080 based 


microcomputer) 

0.7 

High speed data line microwave link 


channel 

0.3 


100.0 
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% 
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The antenna hydraulic and electronic systems account for 
over half of the preventive maintenance manhours. About half 
of the subsystems received no preventive maintenance during 
this period, as shown in Table 2. 

C. Comparison of OSS 13 Corrective and 
Preventive Maintenance 

Several key subsystems had vastly different percentages of 
corrective and preventive maintenance as shown below. 



Percent of 

Percent of 


total 

total 


corrective 

preventive 

Subsystem 

maintenance 

maintenance 


% 

% 

Antenna electronic system 

38.1 

15.3 

Block III SDA 

17.1 

6.5 

Antenna hydraulic system 

10.6 

43.9 


For example, while the antenna electronic system accounted 
for 38.1% of the total corrective maintenance manhours, this 
system only received 15.3% of the total preventive mainte- 
nance manhours. The same relationship was true for the 
Block III SDA. On the other hand, the antenna hydraulic 
system received 43.9% of the total preventive maintenance 
manhours and only 10.6% of the corrective maintenance 
manhours. These rest ts indicate that perhaps there could be a 
shift in preventive maintenance to reflect corrective mainte- 
nance experience in order to optimize the overall maintenance 
effort. 


D. Maintenance for the Traditional Subsystems 
Versus the Subsystems Added for This 
Demonstration 


The subsystems added for this demonstration are shown by 
asterisks in Tables 1 and 2. The percent of preventive and 
corrective maintenance for these subsystems is shown below. 


Subsystem 

Preventive 

maintenance 

% 

Corrective 

maintenance 

% 

Subsystems added for this 



demonstration 

10.6 

28.9 

Traditional subsystems 

89.4 

71.1 


100.0 

100.0 


The subsystems added tor this demonstration required 
about 29% of the corrective maintenance and received only 
11% of the preventive maintenance. Note that some of the 


“traditional" subsystems were automated for this demonstra- 
tion, such as the antenna electronic and hydraulic systems. 

E. Comparison of Maintenance at DSS 1 1 
with DSS 13 

The average weekly maintenance manhours for DSS 1 1 and 
DSS 1 3 are shown below. 


Average weekly manhours 


Maintenance 

DSS 11 

DSS 13 

Corrective maintenance 

153.5 


Preventive maintenance 

56.4 

39.5 


209.9 

61.7 

The DSS 11 data is from Ref. 

1 for the period May 14 

through July 9, 1978. Both the 

corrective and preventive 

maintenance manhours at DSS 1 1 

are more than at DSS 13. 

However, DSS 1 1 has more equipment than 

DSS 13. For 

examplt, DSS 1 1 has two receivers, two SDA’s, two masers, 
etc., whereas DSS 13 has only one of each. Shown below is the 

average weekly maintenance manhours for 

“comparable” 

systems at DSS 1 1 and DSS 13. 




Average weekly manhours 
For “comparable” systems 

Maintenance 

DSS 11 

DSS 13 

Corrective maintenance 

153.5 

27.2 

Preventive maintenance 

56.4 

51.4 


209.9 

78.6 a 

*(37.5% of 209.9) 

in this comparison, we made the conservative assumption that 


if DSS 13 had had two SDA*s, for example, then the 
preventive and corrective maintenance for SDA’s would have 
been doubled at DSS 13. In actual practice, this factor should 
be somewhere between one and two. H'' :ver, even with this 
conservative assumption, the corrective maintenance at 
OSS 13 only increased by 22.4% and the preventive mainte- 
*< me e by 30.2% in order to correct for the redundant systems 
at DSS 1 1. For comparable systems, we see in the above table 
that the preventive maintenance manhours are about the same 
at both stations but the corrective maintenance manhours are 
much higher at DSS 11. 

Another interesting result is that at DSS 1 1 about three- 
fourths of the actual maintenance manhours are for corrective 
maintenance, whereas at DSS 13. about three-fourths of the 


in 



actual maintenance manhours are for preventive maintenance, 
as shown below. 

The data suggests that unattended operation may reduce 
maintenance manhours. There are other factors, however, that 
may be responsible for the differences between the two 
stations in total maintenance manhours and the breakdown 
between preventive and corrective maintenance. For example, 
DSS 13 has substantially different equipment, schedule of 
operations, performance verification requirements, and type of 
personnel than DSS 1 1 . 


DSS II 

rj 

Maintenance 

Corrective maintenance 

manhours 73 

Preventive maintenance 

manhours 27 

Total maintenance 

manhours 100 
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Table 1. OSS 13 corrac'lva malntananca activities in manhours, 1978 


Corrective Main te n a nee 

26-m antenna 

Hydraulic system* 
Electronic systrms 
•Control computer 
(MO!) COMP 11/25) 
•Clock 
♦Terminet 
•Microprocessor 
Waveguide configuration 
assembly 

Low noise amplifier (maser) 
maser compressor 
refrigerator 
Block III receiver 
Block 111 SDA 

*108 kHz subcarrier oscillator 
(microwave link 
transmission) 

•Station controller (8080 
based microcomputer) 
•Star switch controller 
•SDA controller 
•Block III receiver controller 
•Waveguide configuration 
assembly controller 
High speed data line 
•Data set 

•Microwave link channel 
TOTAL 



9 in 


5.0 i 

i 




18.5 



9*17 


4 0 


8.5 

12.5 


I 0.6 

4.n! ! 27 oj 38 1 


H.5 1 2.6 




•Equipment added for automation demonstration 




Table 2. DSS 13 preventive maintenance activities in manhours, 1978 



6/18 

6/25 

7/2 , 

7/9 

7/16 

7/23 | 

7/30 i 8/6 

8/13 

8/21) 

8/27 

9/3 ! 

9/10 j 9/17 

9/24 

Total 


1 

*■ 

— + 

♦ 

- 1 

-- - 

- -t 

-t- H 


- 1 


4 

— 

1 



— 

Preventive Main te nance l 






1 

1 

] 


1 ! 



1 


1 



i 

26-m antenna 

i 

i 






! 









Hydraulic systems 

4.0 

6.0 i 

4.0 

12.0 

19.5 

10.0 

24.0 

15.0 

27.5 

23.0 

29.0 

19.5) 

8.5 

52.5 

6.0 

260.5 

43.9 

Electronic systems 1 

8.5 

14.0 i 

18.5 

9.5 

3.0 

9.0 

0.5 

10.5 

1.0 

0.3 

7.0 

1 

| 

0.5 

0.5 

8.0 

90.8 

15.3 

♦Control computer 





?.5 

6.0 


1 


1.5 

j 



^5.5 

26.5 

4.5 

(MOL) COMP 11/25) 

















♦Clock 

















♦Terminet 



1 














♦Microprocessor 








i 









Waveguide configuration 








. 

I 









assembly 






i 







; 




Low noise amplifier (maser) 






1 











maser compressor 

3.5 

26.5 

8.5 



5.5 








12.0 

10.0 

66.0 

11.1 

refrigerator 

8.0 

2.0 


5.5 



4.0 



1.0 



2.0 

22.5 

3.8 

Block III receiver 

2,5 



i 


2.5 

4.0 

8.5 | 

1.5 

3.0 

4.5 

i.5 : 


52.0 

8.8 

Block III SDA 

\ 

0.5 

1.0 ] 


0.5 

3.0 

5.5 

j 


1 

9.0 ! 

7.0 

1 0.0 

2.0 

38.5 j 

6.5 

108 KHz subcarrier oscillator 1 



: 

i 




I 


1 

1 







(microwave link 

\ 

1 


l 




i 


1 i 







transmission) 


2.0 

2.0 1 

1.5 

2.0 


2.5 

1 


| 

20.0 




30.0 

5.1 

♦Station controller (8080 



1 















based microcomputer) 






1 









4.0 

4.0 

0.7 

♦Star switch controller 

] 

1 















i 


♦SDA controller 1 

' ] 





1 

i 










I 


♦Block lil receiver controller j 

| 















i 


♦Wa/cguide configuration 

1 

1 














i 



assembly controller 

t 

















High speed data liru 


















♦Data Set 






| 












♦Microwave Link Channel 






! 


2.0 








2,0 

0.3 

TOTAL 

50.5 

51.0 

34,0 

28.5 

28.5 

36.0 | 

j 

40.5 

36.0 
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LAAS Studies: 26-, 34-, and 40-Meter Elements 

W. F. Williams 

Radio Frequency and Microwave Subsystems Section 


The Large Advancea Antenna Station (LAAS) studies have now included arraying 
modified 34-meter antennas and new 40-meter antennas. This article discusses the 
microwave performance expected from these antenna elements when arrayed and fed 
with the new dual-band coaxial X/S feed. Performance of the 26-meter elements is also 
discussed for comparison to the new modified antennas . 


I. Introduction 

The Large Advanced Antenna Station (LAAS) program is 
an ongoing study to determine a most cost-effective way to 
obtain a substantial increase in RF performance for a new 
DSN station, over that presently available with the 64-meter 
antenna network. Early in this study it was determined that 
this increase could be provided by a high-grade, 100-meter 
reflector utilizing specially shaped surfaces and improved feed 
horns, as well as updated electronic equipment. Later, arrays 
of smaller antennas were Investigated for performing equally 
to the basic 100-meter unit. Various sizes were considered. 
These are discussed in Ref. 1, This has leu finally to a study of 
some specific arrays \ h zing modified versions of the existing 
26-meter antennas of toe DSN and STDN, as well as some new 
antennas. 

Subjects to be discussed in this report are the microwave 
performance of improved 26-meter units, the 34-meter units, 
which are built by modifying the 26-meter antennas, and 
40-meter antennas, which are new. 

Improved 26-meter antennas are obtained by relocating the 
antennas at a common array site and installing new subreflec- 
tors more suitable to X-band. 


The 34-meter antennas are obtained by expanding these 
26-meter antennas to the larger diameter. New surfaces are 
provided according to special shaping that yields a near- 
optimum combination illumination and spillover efficiency. 
The newly developed coaxial X/S horn is used in determining 
this shaping, and the location of this feed relative to the 
reflector vertex is held near to that of the present 26-meter 
antennas so that the present feed cone and feed cone designs 
can be used. This shaped design is a “best fit” to the 26-meter 
paraboloids, which mnimizes structural changes and suggests 
that some 26-ineter panels might be reused 

The new 40-meter shaped antennas are similarly deter- 
mined, and the existing feed cone design can be used. An 
alternate 40-meter design is presented that uses a larger coaxial 
X/S feed, but again the same feed cone. This design permits a 
larger equivalent focal length to diameter (F/D) ratio that 
would, perhaps, be more easily constructed. 

II. The Antenna Types 

A. Relocated 26 -Meter Antennas 

An example ^ this antenna is the 26-meter antenna located 
at DSS 11. These antennas can be used at X-band with the 
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provision o* now sub i o floe tots that aie bellei suited to X-band 
perfomunee. Tins suhiefleclor (requiring new tooling) would, 
relative to tlic piesent subreflector, remain at 3-meters diame- 
ter, but the outer flange legion would bo i educed in width and 
the vertex cone would be smaller. 

Tlie radiation pattern of the X-band frequency, X/S horn, 
was theoretically scattered from this new subre Hector design 
to determine microwave performance. The lesult is depicted in 
Fig. I. The central hole region, 18 deg from G deg, is very 
noticeable showing the success of the cent t a! vertex plate. The 
calculated efficiencies of this pattern are indicated below* 


Forward spillover 

03*88 

Back spillover 

0.998 

Illumination 

0.832 

Cross polarization 

03)97 

Phase 

0.%8 

Central blockage 

0»90 

Total RF efficiency 

0.784 

A dual-hybrid mouc corrugated born has been developed 
for enhancement of performance at DSS 14. This horn has a 

pattern shape that results in a 

higher illumination efficiency 

when using the standard paraboloid-hyperboloid Cassegrain 

system. The radiation pattern 

of th:s horn was also thcoreti- 

cally scattered from the new 

sub re fleet or with the result 

shown in Fig, 2. Die more uniform illumination function can 
be noted here when compared to Fig. 1. Below are tabulated 

the efficiency numbers: 


Forward spillover 

0.961 

Back spillover 

0.997 

Illumination 

0.889 

Cross-polarization 

0.998 

Phase 

0.961 

Central blockage 

0.990 

Total RF efficiency 

0.809 

This represents an improvement of over 2 percent. Although 
the illumination efficiency improves by over 5 percent, much 
of this is lost in additional spillover from the sidelobes of the 
dual-hybrid mode horn. It should be pointed out that in trials 


using the special shape type of surface, all illumination effi- 
ciencies became very good and the dual-hybrid mode offers no 
particular advantage. To complete this picture, the standard 
22-dB gain horn pattern (X-band) was also scattered from the 
new subreflector. The results below: 


Forward spillover 

03)60 

Back spillover 

0.997 

Illumination 

0.836 

C ross pohm/ation 

03)97 

Phase 

03)54 

Central blockage 

03)9() 

Total RF efficiency 

0 755 


Tins again shows the improvement to be obtained using the 
dual-hybrid mode hom. 

B. 34-Meter and 40-Meter Performance, 

Special Shapes 

The X-band pattern of the new X/S feed horn is used to 
determine the special shapes for both the modified 34-meter 
antenna and the new proposed 40-meter antennas. Resulting 
shapes are similai and the final scattering is similai. Figure 3 
depicts the solution for the 40-meter dish. Note that in hold- 
ing ilie feed focus at 5.18-meters from dish vertex and using 
the I 7 -deg X/S feed, the equivalent F/D has become 0.3, i.e.. 
a very deep dish. 

When the X-band pattern is theoretically scattered from the 
34-meter and 40-meter shaped subreflectors, the following 
results: 



34-meter 

40- me tor 

Forward spillover 

03)92 

0.442 

Back spillover 

03)96 

0.447 

Illumination 

03)83 

0.487 

Cross polarization 

0.999 

0.444 

Phase 

0.994 

0.448 

Central blockage 

03)85 

0.486 

Total RF efficiency 

03)50 

0.460 


It should be noted that a slight advantage accrues to the larger 
antenna. Figure 4 depicts the scattering from the 40-meter 
antenna subrcflector. 

When the dual-hybrid mode horn is used for shaping deter- 
mination, the final reflector is more closely a paraboloid. 
However, illumination efficiency is no better than the above 
cases, and forward spillover is worse, with a final result that is 
1.5 percent below the 34-meter unit. 

C. Using a Larger X/S Horn 

It is, of course, possible to use the X/S horn gain-limited 
technique with different horn flare angles and consequently 
different illumination angles for the subrcflector. For instance, 
if a narrower flare angle is used with this gain-limited techni- 
que, then the beams will be narrower also. 
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A 14-deg half flare angle horn (instead of a 17.1 -deg horn) 
was chosen to use in a sample shaped antenna design of 
40-meter diameter. The constraint was that the teed horn 
focus have the same location from dish vertex as the other 
designs, about 54 8-meters, allowing the same feed cone us*\ 
The lesult of this design was an increase m the equivalent F/D 
from 0.3 to 0.35, winch is perhaps mechanically desirable. 
Furtbei increases in horn si/e would permit F/D to approach 
0.4. Of course, i f greater feed location displacements fiom dish 
vertex are allowed, then larger F/D values are possible without 
the larger horns. 

The RF efficiency of this configuration was essential!) the 
same as the other 40' me ter design, about % percent. 


III. Other Factors 

Surface tolerance efficiency follows the formula of Ru/e 
Ref. 2: 


spar blockage efficiency = ^1-1.2 

with .4^ the subreflector blocked area and A t> the main reflec- 
tor aperture area. 

Spar area blockage on the 26-meter antennas is about 6 
percent, resulting in blockage efficiency <'f 0.861. For the 
modified 34-meter antennas, a value of 4.5 percent is ex- 
pected. for a blockage efficiency of 0 . 895 . An estimate for the 
larger 40-meter antenna is 5 percent fot a blockage efficiency 
of 0.884. 

These antennas are to be arrayed in various ways to achieve 
a Anal gain in excess of 77 dB. It is anticipated that in 
performing this arraying, each antenna will suffer a further loss 
of 0.17 dB, meaning an additional efficiency term of 0.%, 
here called the “array efficiency." Also, each horn system will 
suffer some loss from dissipation and VSWR. This loss, or 
efficiency term, is estimated at 0.98 for the X/S corrugated 
horns. 


surface efficiency = c I x ^ 

with e equal to the rms variations of the surface from its 
prescribed values. The rms variations for the 26-meter anten- 
nas are about 1.5 mm. and this results in a surface efficiency 
of 0.757 for these antennas. The 34-meter modifications 
would, as discussed above, include mostly new specially 
shaped reflector sections mounted on the old existing struc- 
ture. The mechanical design estimates for the rms of this 
modification are about 1,25 mm. This results in a surface 
tolerance efficiency for the 34-meter antennas of 0.824. 
Potential suppliers of new 40-meter antennas have indicated an 
rms estimate of 0.9 mm, or surface efficiency of 0.903. 

The spars or subreflector support legs block or interfere 
with the aperture distribution. This "spar blockage" efficiency 
is directly proportional to the percentage area being blocked. 
It is not quite so simple though, because the spars inay be 
small enough to discount a geometric optics view altogether. 
Also, because of the real aperture distribution being somewhat 
greater in the central region, spar shadowing in this central 
region becomes more important. These facto. s and past experi- 
ence leads us to a modi flea lion of the spar blockage efficiency 
rule, as follows 


The DSN 26-meter antennas have perforated sheet metal 
panels for lightening the main reflector. An investigation (Ref. 
3) of these holes in a "worse case" indicated that they might 
add an additional 0.4 Kelvin to noise temperature, which will 
be ignored. 


IV. Final Performance of the Array 

Below is tabulated the efficiency performance of each of 
these antennas as elements of an antenna array. 



Spar 

Sur- 

Array 



Percent- 


block- 

face 

com- 

VSWR 


age 

Antenna 

age 

rms 

bining 

loss 

RF 

total 

26-meter 

0.861 

0.757 

0.96 

0.98 

0.784 

48 

34-meter 

0.895 

0.824 

0.96 

0.98 

0.95 

66 

40-meter 

0.884 

0.903 

0.96 

0.98 

0.% 

72 


These larger antennas are compared with tire present 26- 
meter antenna with its standard feed in Table i . 

We note :hat, everything else being equal, i.e., if all an- 
tennas were the same diameter, the improvement from shap- 
ing, a more accurate surface, and a more efficient horn feed, is 
nearly 2 dB. 
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Table 1. Comparison of antennas by size and type 


Parameter 


26-meter paraboloid 


34-meter 40-meter 
shaped shaped 


Feed used 

22-dB 

Dual - 

X of 

X of 

X of 

standard 

hybrid mode 

x/s 

X/S 

X/S 

Efficiency, 7c 

46 

50 

48 

66 

72 

AdB (every- 

thinp else 
being equal) 

-1.95 

-1.58 

-1.76 

-0.38 

0 
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Quick-Look Decoding Schemes for DSN 
Convolutional Codes 

C, A. Greenhall and R. L. Miller 

Communications Systems Hesearch Section 


The Galileo project will be tracked both by the Tracking and Data Relay Satellite 
System (TDRSSJ and the DSN, whose ( 7, 1/2) convolutional codes differ in the order of 
the two symbols in each pair. To resolve this problem , we propose quick-look decoding of 
the TDRSS data. Quick-look decoding schemes requiring only simple shift registers are 
given for the DSN 17, 1/2) and ( 7 \ 1/3) convolutional codes. These schemes can be used 
when the communication channel is known to be virtually error free. The schemes not 
only decode the data, but can also detect symbol errors and the lack of node 
synchronization. 


I. Introduction 

The Galileo project will require both the Tracking and Data 
Relay Satellite System (TDRSS) and the DSN for tracking 
purposes. The TDRSS will be used for a few hours, the DSN 
for a few years. A problem has arisen because the TDRSS 
ground stations and the DSN stations have different Viterbi 
decoders. The connection vectors for the convolutional code 
that the TDRSS can decode are reversed from those of the 
DSN scheme. 

This article presents one possible solution to this problem, 
viz, quick-look decoding. The following conditions are impli- 
citly assumed throughout: 

(1) The Galileo spacecraft is equipped with only a 
DSN-type encoder; TDRSS cannot process these data. 

(2) The spacecraft-TDRSS communication channel is vir- 
tually error-free. 


Th: second condition allows the possibility of quick-look 
decoding the data, without attempting to correct any errors. 
The advantage of quick-look decoding is that it involves only a 
couple of shift registers of length 7, as against the need to 
purchase a new Viterbi decoder. 

Section II contains a brief description of what the design 
philosophy of a quick-look decoder should be. Section III 
presents a tutorial discussion of the theory behind quick-look 
convolutional decoders. Section IV contains decoding for- 
mulas for the DSN (7, 1/2) and (7, 1/3) convolutional cojes. 
We have also included connection diagrams of these codes and 
their decoders. 


II. Design Philosophy 

A quick-look decoder should be a simple, fast algorithm 
that correctly decodes an error-free symbol stream. It does not 
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attempt to correct errors, hut may detect the presence of 
symbol errors or lack ot bit synchronization. Nevertheless, 
such a decoder should not go looking for trouble The less it 
knows, the better. The fewer symbols it has to look at, the 
fewer symbol errors it will see, and the fewer bit errors it will 
make. Finally, it must not propagate symbol errors indefi- 
nitely far down the decoded bit stream; each decoded bit 
should depend only on the last few symbols. 

III. Theory 

A. Inversion Formulas 

The method of constructing quick-look decodeis is taken 
from Massey and Sain (Ref. 1). The present exposition is 
self-contained. Let a convolutional code with constraint length 
</ + 1 and rate 1/r, v an integer, be specified by connection 
polynomials 

C.U) = c /0 +r ,*+ •••+ 1 


From Hqs. ( I ) and (2) we liave (dropping the x's now) 

B = [A,C\ + -+A C )B 

B = A S + +A S (3) 

II l' V’ 

for any bit sequence B. Hence the transformation defined by 
Eq. ( 1 ) is one -one and Eq. (3) gives its inverse. If 

A , {X) = ",() + a , \ X + ' ‘ ’ + a ,/ • ■</<'' 
then Kq. (3) says 
\ 

b =7 {u. n s. +<7,s. + • • • + a . s ), 

n /0 in / 1 j.n - 1 /e f,n-e f 

h 1 

-<*> <n <°° (4) 


The coefficients are 0 or 1 and arithmetic is performed 
modulo 2. The sequences of information bits b n and coded 
symbol vectors (s lw , • • ■, s ^ n ), ~°°<n < <*>, are represented by 
the formal power series, 

B{X) ■ £ b n X " 

« = -« 


Conversely, if about the polynomials Cjf.v), • * ■, C (at) and 
A [ Cv), * ■ *, 4 v Cv) we are given only that Eq. (3) inverts Eq. 
(1) for all B , then setting B = 1 gives Eq. (2) and the 
conclusion that ged (C 1 , • * \ C^ t ) = 1 . Thus: 

An inversion formula of form (3) exists if and only 
ifgcd(C r C v ) ~ I. 


Sf(x) = 22 Sin*" • 1 < l <v 

n~°° 


related by 


B. Symbol Error Detection 

Let ged (Cj . * • \ C v ) = 1. Assume that the formal power 
senes S r • % S v> are a code stream, i.e., they satisfy Eq. ( 1 ) 
for some B . Then trivially we have 


S,(JC) = C f (x)B(x ), 1 </<v (I) 


Cfi = CS r 1 (5) 


In othe words. 




c io b n+ c n b *-t + 


+ c /A-«i- 


| </<V t - <oo 


We show that Eq. (5) is necessary and sufficient for 
S v to be a code stream . We just saw that it is 
necessary. Assume that Eq. (5) holds. Define B by Eq. (3) as 
before. We show that Eq. (1) holds. It is enough to set /= I. 
We have 


Knowing the Cjtx) we must recover 2?(x). Assume that the 
greatest common divisor (ged ) of CjOr), • • \ C,(x) is I, By 
Euclid’s Algorithm we can construct inversion polynomials 
A j (x), * ' % A v (x ) of degree < d such that 


c,a 


• C.A.S, *A,C,S ,♦•••<■< c s 

111 221 V v 1 


^,(Af)Cj(.v)+- - + /l y (jr)C v W » I (2) 


* s 


I 
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by virtue of Hqs. (5) and (2). Equation (5) thu* yields parity 
checks of the received symbols. 


IV. DSN Codes 

We give decoding formulas and parity checks for the DSN 
(7, 1/2) and (7, 1/3) convolutional codes, whose connection 
diagrams are given in Figs. ( 1 ) and (2). 

A. (7, 1/2) Code 

The connection and inversion polynomials are 
CjU) = 1 a 2 + .v 3 + * 5 + x 6 

C 2 (x) = 1 + .x + ,x 2 + ,y 3 + .t 6 

A { (x) = * 2 +x 4 

v4 2 Cr) = 1 +.y +.y 2 +,v 3 +jx 4 
The quick-look inversion formula (Eq. (4)) is 


b *5. 
n I ,n- 


+ J. 


2m 2,n-l 2,n-2 2 ,n-3 2.W-4 


(6) 


in which b n is the nth decoded bit and (s ln . s 2n ) is the mh 
symbol pair. Thus if we know ($ ln , s Jw ) for n> 0 we can 
recover b n (or n > 4 by this method. 


B. (7, 1/3) Code 

To Cj and C, of the previous code we adjoin a third 
polynomial 


C,(.y) = 1 +.v + .Y 2 + -V 4 + .v 6 


The three polynomials C’ |t C y C ^ are pairwise relatively 
prime. Hence we can treat each of the three subcodes (C, , C ; ). 
/ </. separately. For these, Eq. (2) reads 

(x 2 + .v 4 ) C\ (.v) + (I + * + v 2 + v J + .v 4 ) C\ (x) = I (8) 

(x + x J ) C, (x) + (I + x 2 + x 3 ) C' 3 (.v) = I ( l >> 

(x 3 + x 4 +.v s )C 2 ( -v ) + ( 1 + x + x 4 + x*)C 3 (x) = I (10) 


Of course, Eq. (K) comes from the (7, 1/2) code. One could 
add these to get a single Eq. (3) with v = 3 t but, according to 
our design philosophy, there is no point in doing this. The 
simplest of the above equations is Eq. (9); thus we may as well 
ignore the S 2 data entirely, use the inversion polynomials 
x + x 3 and 1 + x 2 + x 3 on S x and S y , and use only S { and S 3 
for a parity check. 

The quick-look inversion formula is 


The parity check for detection of symbol errors or lack of 
bit synchronization (Eq. (5)) is 


in which b n is the nth decoded bit and (s, n >* 2 n' s j*) 
symbol triplet. The parity check is 


5 t.n +5 t.„- 


+ J 


1 


.2 +5 l.«-3**l,„~6 + *2.* 


+5 l,n-2 +S 1.^4 +S I,«-6 +5 3,. 


+ 5. 


+ J- 


+ c 


(7) 

A short burst of parity errors in a good channel indicates one 
or more symbol errors; a long run of parity bits with a high 
proportion of errors indicates incorrect node synchronization. 


Figure (4) gives the connection diagram of this decoder. 

V. Conclusion 


Actual implementations of this code use trivial modifica- 
tions of it; the DSN inverts the first symbol i llt , and TDRSS 
transmits s |(| and s Jn in reverse order. In these situations. Eq. 
(6), Eq. (7), and Fig. 3 may have to be altered. 


We have shown that both the (7, 1 12) and (7, 1/3) convolu- 
tional codes can be decoded using quick-look schemes. Such a 
scheme may be used by the Galileo project to work around the 
incompatibility between the TDRSS and DSN code< 
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(7) MODULUS TWO ADDER 
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(7) modulus two adder 
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Fig. 1. Connection diagram of unmodified (7, 1/2) code, without 
symbol inversions or exchanges 


Fig. 2. Connection diagram of (7, 1/3) code 
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DSN Energy Data Base Preliminary Design 

E. R. Cole, L. O. Herrera, and D. M. Lascu 
DSN Engineering Section 


This article describes the initial design and implementation of a computerized data 
base created to support the DSN Energy Conservation Project with data relating to energy 
use at Goldstone Deep Space Communications Complex. In addition , it briefly gives the 
results of development work to date and identifies work currently in progress or in the 
planning stage. 


I. Introduction 

The Deep Space Station facilities consume a significant 
amount of energy, for which the last few years have been the 
focus for energy conservation. Crucial to any endeavor to re- 
duce energy consumption is the acquisition and maintenance 
of relevant information. Prior to 1976, information was man- 
ually acquired, handled, and processed. In response to limited 
human resources and considering the emergence of a Central- 
ized Management Data Base System (the DSN Data Base), the 
DSN Energy Conservation Project commissioned the creation 
of a computer-based energy data base whose preliminary 
design was implemented in 1976. 


II. The Goldstone Energy Data Base 

The concept of an energy data base was conceived from the 
growing awareness of the need for a readily available and easily 
accessable source of information relating to the use of energy 
resources. Initial attempts to gather data for energy studies 
being conducted at the Goldstone Deep Space Commu- 
nications Complex (GDSCC) were frustrated by the degree of 
effort and length of time required to locate and research infor- 
mation. This illustrated the desirability of creating a formal, 


centralized data base which would provide: 

(1) A readily available source of technical and descriptive 
data. 

(2) A central, standardized reference to augment engi- 
neering analysis and design. 

(3) Information for effective energy management. 

(4) A historical record for comparison of actual perfor- 
mance with project goals. 

(5) Information for preparing NASA Energy Program Re- 
ports. 

Using these objectives as a guide, a preliminary energy data 
base was created and called the Goldstone Energy Data Base. 
It was implemented in November 1976 and contained sixteen 
files describing such Goldstone facility parameters as: building 
architectural construction, utilities, equipment loads, facility 
operations, and weather, as shown in Fig. 1 . The data were 
collected and placed into a publicly accessable permanent cata- 
log file on the GPCF Univac 1108 titled GOLDSTONE* 
ENERGY, and an accompanying user document was written 
and released to explain the design philosophy and provide user 
access instructions. One application for the data base was to 
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provide input data for certain engineering energy analysis and 
design computer programs such as E-CUBE, NECAP, and the 
Energy Consumption Program. These programs require infor- 
mation about building construction, operation, and equipment 
loads. A brief description of each file listed in Table 1 follows. 

(1) The interior architectural tiles, ARC/100 and ARC/ 
200, describe each room of the Goldstone buildings by 
its wall, floor, and ceiling dimensions, and their con- 
struction material U-factor (thermal transmissivity). 
Both files designate which zone of the building air 
conditioning system serves each room. 

(2) The interior lighting file, INL/100, describes the num- 
ber of room lighting fixtures and their loads in kilo- 
watts. Both quantities are listed separately by tlou- 
rescent and incandescent light fixtures. Lighting is also 
a heating load, which is imposed on a fixed zone of the 
building air conditioning system. Average light level in 
foot candies is identified as a requirement for the func- 
tion and occupancy of the room. 

(3) The interior occupancy file, OCC/100, lists the person- 
nel capacity and actual occupancy for each room by 
eight-hour work shifts for week and weekend day 
types. 

(4) The Interior Electrical Equipment Files, EEQ/100 and 
EEQ/101, provide a listing by room, number of racks, 
type of equipment, and total rack power load in kilo- 
watts; also, there is a breakdown by rack of each piece 
of equipment giving subsystem name and number. Pow- 
er load in kilowatts, and the corresponding heat dissi- 
pated, is given for various operational modes, which 
include normal station tracking operation, standby, and 
station closed. 

(5) The Exterior Lighting File, EXL/100, describes lighting 
for the exterior area of each building, which includes 
number and type of light fixture on each wall, wall 
orientation, and power in kilowatts. 

(6) The Building Airconditioning Plant Files, ACP/lOOand 
ACP/200, identify and locate each air conditioning 
plant. Each major component is described by size, type 
and- energy load. Air handler size is given in cfm and 
compressor size in tons. Power used by humidifiers, 
boilers, heaters, ami condensor motors is expressed in 
kilowatts. 

(7) The Power Plant Files, PPL/100 and PPL/200, describe 
and locate all diesel power plants at Goldstone. The 
number of frequency convertors, engine generators, 
and their respective power used or produced is listed. 

(8) The Building Utilities P tie, UTL/100, designates all util- 
ities entering each building, which includes, electrical 


power by voltage and frequency, telephone, public ad- 
dress, microwave facilities, LP gas, water, and sewer. 

(9) The Weather Files, WEA/100, WE A/200, WE A/300, 
and WEA/400 describe dry bulb temperature, dew 
point temperature, cloud cover ratio, and wet bulb 
temperature, respectively. Each file consists of hourly 
values for each day of a statistically representative year. 

III. Preliminary Design Requirements 

Certain data base requirements were determined to be de- 
sirable by project management. For example, it was considered 
desirable that all data be “raw” data, due to the past expe- 
rience of having difficulty in assessing the integrity of acquired 
data. This meant that, to the extent possible, data values 
should be directly observed, unconverted, and not derived via 
computation from other data. 

Another requirement was that data should be entered into 
files in a format that would be human-readable, requiring no 
interpretive software to produce reports. In part, due to the 
limited size of the staff availablj for data base design and 
implementation, user application software was left to the user 
for development. Data base files were created on the Univac 
1108 as system file elements. Thus they are compatible with 
MBASlC tm and FORTRAN Programming languages. Plus 
physical record length was constrained to a maximum of 80 
characters to provide both system flexibility and a convenient 
terminal display format. 

Recently, standard guidelines have been published for the 
design and implementation of data bases on the DSN Dati 
Base System. This DSN Standard Practice document and the 
recent inclusion of the DSN Energy Data Base into the DSN 
Technical Facilities Subsystem is currently resulting in the re- 
assessment of DSN Energy Data Base functional design re- 
quirements. 

IV. Data Baae Design 

The Goldstone Energy Data Base is designed as a collection 
of hierarchically structured groups of tiles (as shown in Fig. 2). 
This design is intended to provide opportunity for data base 
growth with minimal structural limitations as well as providing 
flexibility in its eventual incorporation into the DSN Data 
Base System. 

Data is divided into groups of files containing related data 
categories as shown in Table i . Ail groups consist of one or 
more flies that are structured into three levels: primary, sec- 
ondary, and tertiary. Each level represents a breakdown of 
information or other relational association with the fllea in the 



level above. The fiist file of each level is defined as the initial 
file. When the logical data record exceeds the maximum length 
permitted in the initial file, up to eight “continuation files" 
may he created to piovide the requited logical record length as 
shown in Fig. .1. 

Files are labeled by a three-character acronym proceeding 
a three-digit numerical sequence, The acronym identifies the 
file group while number sequence indicates level and whet he i 
it is an “initial" or “continuation" tile. File structure, shown 
in Fig. 4, consists of three record types. The first is the identi- 
fication record containing information required to identify the 
file, companion documentation, transaction dates, and the in- 
dividual responsible for data integrity. The second record is 
the header record, which provides column headers aligned over 
each data field that identify the respective data items. The 
temainder of the file is data records having the same format as 
established by the header record. 

In accordance with design specification, application soft- 
ware was not developed. However, two interactive data access 
programs were written in M BASIC to provide the casual user 
with outputs of data base files. The program titled DISPLAY 
displays files on the users demand terminal while COPY-EG 
outputs to GPCF line printers. 

Description of each file group giving narrative and file com- 
position data was documented into a modularly organized 
users document entitled: “DSN Energy Project Data Base Fa- 
cility Parameters for Goldstone". The document describes data 
base purpose and scope, design structure, description of each 
file group, and data access instructions. The modular con- 
struction ot the document provides for addition of sections as 
new files and groups are added to ihe data base. 

V. Current Status and Future Development 

Several additional data categories have been added to the 
data base since its initial creation. The sixteen original files 
have grown to nearly thirty, and additional files are in the 
planning stage. This has resulted in five new groups as well as 
additional new files to existing groups. Figure 5 and Table 2 
show the current and planned growth of the DSN Energy Data 
Base. 

(I) The Energy Consumption Data Group (ECD) consists 
of seven files with five more in planning. This group 
lists individual readings from meters that measure con- 
sumption of LP gas, diesel fuel, gasoline, electrical pow- 
er, and water. Also, monthly billing is listed for each 
respective type. Two additional files complete the 
group: one lists total monthly energy usage by energy 


type, and the thermal equivalent that enables the com- 
putation of Goldstone total energy consumption. The 
other is a cross-reference file, providing meter serial 
number, leading conversion tactois, meter location, 
and installation dates. 

(2) The Programmatic Energy Change Gioup (PGM) con- 
sists of three files which keep a historical record of 
NASA program related changes m energy usage at 
Goldstone. Such changes include installation or re- 
moval of equipment, variation in operational schedules, 
and operational duty cycle. 

(3) Tlr Energy Conservation Change Group (CON) is 
planned to keep a record similar to the PGM group, but 
relating to energy conservation actions. 

(4) The Building Operation Mode Group (BOM) is still in 
the planning stage, hut is expected to contain facility 
operational specifications and related data for each 
building. 

(5) The DSN Data Base Interface Group is a special cate- 
gory of four files required by a recently published DSN 
Standard Practice document. These files, which are in 
the planning stage, will provide the user with a file 
catalog, listing files with a narrative description of their 
purpose and contents. The data dictionary defines each 
data item and describes its location, type, and size 
within the data file. The interface giu necomes a part 
of a larger data base interface increment within the 
DSN Data Base System upon the implementation and 
transfer of the DSN Energy Data Base to that system. 

Not only has the Goldstone Energy Data Base expanded, 
but there is consideration to extend the data base to include 
the Australian and Spanish Deep Space Communication Com- 
plexes, which would result in the creation of a DSN Energy 
Data Base. 

As mentioned above, the energy data base is being defined 
as a group with the Technical Facilities subsystem, and consid- 
eiable review of the data base functional requirements is 
expected. As a result of new requirements, coupled with the 
potential for automatic data acquisition suggested by the de- 
velopment of a Technical Facilities Controller (TFC), DSN 
Monitor and Control (DMC) Mark HI, and the creation of the 
Configuration Control Assembly (CCA), which will contain 
the DSN Data Base, considerable change to the design of the 
data base is expected. 

In the new design, an elementary data management system 
will be added consisting of data maintenance software, user 
access programs, and some applications software. 
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At the same time of the development of the Goldstone 
Energy Data Base, a Goldstone Facility Management Data 
Management System was designed, and an automated data 
system was implemented (see Ref. 2). This resulted in a Gold- 
stone Facility Management (GFM) Data Base that, among oth- 
er functions, collected facility energy consumption data for 
monthly reporting to NASA. The DSN Energy Conservation 
Project and Goldstone DSCC management decided that the 
GFM data base was duplicating the Goldstone Energy Data 
Base in the area of energy related files. Therefore, the DSN 
Energy Data Base will assume the energy related data manage- 
ment tasks of the GFM Data Base in the new design. This will 


require the development ot some user application software to 
generate required NASA reports. 

VI. Summary 

The initial energy data base implemented for Goldstone 
DSCC provides information support to the DSN Energy Con- 
servation Project. Recent events will lead to an enhanced and 
expanded data management system design that will not only 
fulfill these objectives, but may provide other applications for 
general facility administration and engineering when incorpo- 
rated into the central DSN Data Base System. 
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Table 1. Goldstone Energy Data Base Content (1976) 


Group Name 

Hie 

Number 

1 lie 

Type 

Description 

Building Air Conditioning Plant 

100 

Initial 

Plant and compressor 

(ACP) 


primary 

type and si/e; kilowatts 
used 

Building Air Conditioning Plant 

200 

Continuation 

Humidifier, boiler and 

(ACP) 


primary 

heater type, kilowatts 
used 

Building Utilities 

100 

Initial 

Electrical and Mechanical 

(UTL) 


primary 

type and class 

Exterior Lighting 

100 

Initial 

Location and number of 

(EXL) 


primary 

fixtures; kilowatts used 

Interior Architectural 

100 

Initial 

Wall dimensions and 

(ARC) 


primary 

U-factor 

Intt or Architectural 

200 

Continuation 

Ceiling and floor dtmen- 

(ARC) 


primary 

sions and U-factor 

Interior Electrical Equipment 

100 

Initial 

Number of racks and 

(EEQ) 


primary 

kilowatts used per room 

Interior Electrical Equipment 

101 

Secondary 

Kilowatts used per rack, 

(EEQ) 



NDL number 

Interior Lighting 

100 

Initial 

Location and number of 

UNL) 


primary 

fixtures; kilowatts used 

Interior Occupancy 

100 

Interior 

Actual occupancy by room; 

(OCC) 


primary 

capacity by room 

Power Plant 

100 

Initial 

Station power plant 

(PPL) 


primary 

frequency converters 

Power Plant 

200 

Continuation 

Station power plant 

(PPL) 


primary 

engine generating power 

Weather 

100 

Initial 

Dry bulb data; 

(WEA) 


primary 

Hourly 

Weather 

200 

Continuation 

Dew point data; 

(WEA) 


primary 

Hourly 

Weather 

300 

Continuation 

Cloud cover data; 

(WEA) 


primary 

Hourly 

Weather 

400 

Continuation 

Wet bulb data; 

(WEA) 


primary 

Hourly 


ORIGINAL 
OF POOR 



in 


Table 2. Additional DSN Energy Data Bank Contents (1979-1980) 


Group Name file Name 

Energy Consumption Data ECD/100 

ECD/101 J 
ECD/200 

hCD/201* 

ECD/300 

ECD/301 a 
ECD/4U0 

ECD/401 

ECD/S00* 

ECD/501* 
EC D/600 

ECD/610 

Programmatic Energy Changes PGM/ 100 

PGM/101 

PGM/102 

Conservation Energy Changes CON/100 a 

CON/101* 
CON/ 102* 


Description 

Monthly IPG meter readings 
m gallons 

LPG billing data 

Monthly diesel fuel meter 
readings in gallons 

Diesel fuel billing data 

Monthly water meter readings 
in gallons 

Water billing data 

Monthly electrical meter 
readings in kilowatt hours 

Commercial electrical power 
readings; SCE billing 

Monthly gasoline data in 
gallons 

Gasoline billing data 

Summary report of monthly 
total energy use; megawatt 
hours thermal 

Meter cross-reference between 
meter codes and S/N; 
installation and removal dates, 
meter locations 

Summary report of kilowatt-hour 
changes in use 

Journal entry of duty-cycle 
and measurement code 

Journal entry of type and 
load change 

Summary report of kilowatt-hour 
changes in use 

Journal entry of duty-cycle 
and measurement code 

Journal entry of type load 
change 
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Table 2 (contd) 


Group Name 

File Name 

Description 


Building Operation Mode 

BOM/ 100“ 

Building lighting and HVAC 
Operational Specifications 



BOM/200 a 

Building lighting and HVAC 
Operational Specifications 



BOM /3 00* 

Building lighting and HVAC 
Operational Specifications 


Data Dictionary 

DIC/100* 

Fitment name, file name, 
field length, position 
data type 



DIC/200* 

Element definition, and 
relationships 


File Catalog 

CAT/300* 

File name, purpose, and 
content 



“These files have not been implemented (planning stage). 
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Microwave Time Delays in the DSN 34- and 
64-Meter Antennas 

R. Hartop 

Radio Frequency and Microwave Subsystems Section 


The microwave configurations at the 34- and 64-m stations have changed in the past 
year dve to new equipments. To maintain time delay data iogs f new calculations have 
btcn made where necessary of both the microwave component delays and the antenna air 
path delays for each type of antenna. 


I. Introduction 

Previous articles (Refs. 1 and 2) have discussed the 
necessity for carefully calculating the group delays within the 
DSN antenna systems to permit accurate ranging of spacecraft 
and for various other projects such as VLBI. Because the 
microwave subsystems arc frequently changed to incorporate 
new equipment with improved capability, it periodically 
becomes necessary to recalculate the component group delays 
to update the total time delay within the antenna system. An 
extreme example of this has occurred in the case of 34-m DSN 
subnet, in which the antennas and their microwave subsystems 
have undergone a complete reconfiguration in their growth 
from 26-m instruments. 

This article presents the results and methods used to derive 
new data for the recent changes to the DSN 34- and 64-m 
stations at both S- and X-band frequencies. 

II. Basic Data 

Table 1 presents the calculated parameters that were used 
throughout. The WC-504 circular waveguide is standard at 
S-band; the WC-137 is standard at X-band. The WS-90 square 
waveguide is used only in the orthomode in the new X-band 
feed. The value of 1.18028543X 10?° inches per second 


(2.997 X 10 10 cm/s) was used for the velocity of light in free 
space, giving 0.084725271 nanoseconds per inch (0.0333 
ns/cm) for the free space delay. 

All calculations for feed d *ys are from the phase center of 
the horn to the defined outp of the feed. Where applicable, 
the additional delay due to waveguide between the feed 
output and the TWM coupler input is listed separately below 
the feed total. Individual component delay calculations are 
generally very accurate since they rely on the precise physical 
dimensions of the component. However, certain complex 
components such as the dual-mode feed horns and the 
orthogonal mode junction reduce the overall feed delay 
accuracy to the order of ± 0.2 ns. 


III. Feed Delays for 64-Meter Antennas 

At DSS 14, the XRO Mod III feed is installed. This contains 
the orthomodc junction with the result that there are, in 
effect, two feed paths as shown in Table 2. At DSS 43 and 
DSS 63, the XRO Mod II feed wul continue to be used until 
late in 1979. The data in Table 3, corrected from previous 
sources, applies. The two travelling wave masers in the feed 
cone are distinguished by their component designators A17 
and A24. 
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At S-band frequencies, the SPD cone asseinbK remains 
unchanged, so that the delay ftom the horn phase centei to 
the phase calibration coupler input remains 2l.2 l M ns at 21 Id 
MU/ and l 8.7oo at 22% Mil/. 


IV. Feed Delays for 34-Meter Antennas 

The X-band feed used in the SXD cone assembly is identical 
in every lespect to the XRO Mod II feed assembly. Thus, the 
data in Tabled apply e\actl\, and the output elbow is the 
same as for the A17 configuration, giving a total delay of 
5.0)0 ns. 

The S-band feed in the SXD cone assembly has the time 
delays shown in Table 4. 

V. Dichroic Plate Correction 

At X-band, the signal passes through the dichroic plate with 
two results. The first effect is an offset in the ray path, making 
it longer than a direct path. The second effect is that the holes 
in the plate act as small waveguides with a cutoff wavelength 
of 1.53b inches (d/X) cm). The resulting group delay of 
0.2074 ns per inch (0.082 ns/cm) times the plate thickness of 
1.400 inches icsults in 0.2904 ns delay through the plate. 
Adding the ray path geometry correction of 0.02% ns and 
subtracting the direct frec-space delay of 0.1370 ns leaves a 
residue of 0.183 ns. This is the quantity that must be added at 
8420 MHz to any air path delay involving the dichroic plate. 
The correction does not apply at S-band since the plate is 
merely a reflector. 


VI. Air Path Delays 

Air path delays aie based on the theoretical geometiy ol 
each antenna configuration. No allowance is made for manu- 
facturing toleiances, Inpeiboloid focussing, oi stiuctuial 
deflections. The dichroic plate is treated sepaiateK. and a 
small erioi was discoveied in previous calculation. Thus a new 
figure is given here for the (>4-metei antenna as well as the new 
34-meter antennas. 

The basic air path delay foi the C assegrain configuration is 
given by 

path length = /+ 2tf + d 

where / is the paraboloid focal length, 2 a is the transveise axis 
of the hyperboloid, and d is the depth of the paraboloid from 
vertex to rim. The last parameter arises because it has now 
become standard to use the aperture plane of the paiaboloid as 
the reference plane for antenna-to-spacecraft path length. To 
the above basic path must be added the dichroic plate delay 
for X-band. For S-band, the path length from the horn to the 
mirrored X-band phase center by way of the ellipsoidal 
reflector must be added. The theoretical depths of the dishes 
are calculated from the formula 



where d is the depth, r is the radius of the paraboloid, and /is 
the focal length as before. The air path delays t c for both the 
34- and 64-m antennas and presented in Table 5. 
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Table 1. Basic waveguide parameters 


Ujt .'guide 

inches (cm) 

r. 

MH/ 

V 

ns/ inch 

V 

ns/iin 

W R 430 


:u3 

0.1057 

0.04 1 6 

and 

8.600 




WC -504 

(21.84) 

2295 

0.1114 

0.043*1 

V 1,-125 

2.500 

(6.35) 

8420 

0.1023 

0.0403 

.C-137 

2.336 

(5.93) 

8420 

0.1059 

0.04 1 7 

U S-90 

1.800 

(4.57) 

8420 

0.1351 

0.0532 


Table 2. XRO MOD III Feed Assembly 


V ns 


Item 

Straight path 

Side path 

Horn 

3.050 

3.050 

Throat 

0.477 

0.477 

Rotary joints (2) 

0.424 

0.424 

Polarizer 

0.444 

0.444 

Orthoinode 

0.707 

0.709 

Twist 


0.511 

Switch 

0.342 

0.342 

1 eed total 

5.444 

5.957 

Waveguide 

0.542 

0.460 

Total to TWMs 

5.986 

6.417 


Table 3. XRO MOO II Feed Assembly 


Item 

C 

1 


Horn 

2.070 


Spacers (2) 

0.675 


Rotary j*v .ts (2) 

0.424 


Polurir- ,h 

0.444 


Transition 

0.520 


Switch 

0.342 


Peed Toul 

4.4^5 


Elbows 

^.615 (to A17) 

0.844 (to A24) 

Total to TWMs 

5.090(A17) 

5.319(A24) 


Table 4. SXD S-Band Feed Assembly 




V n ' 

Item 

2113 M 11/ 

2295 Mil/ 

Horn 

7.834 

7.685 

Rotar> |oints(3) 

1 .005 

0.954 

Polarizers (2) 

3.452 

3.256 

Transition 

0.794 

0.753 

Peed total 

1 3. "35 

12.648 

PI how 

1.050 

0.996 

Total to 

phase calibration coupler 

14.135 

13.644 


Table 5. Air path delays 


Path length, inches (cm) 


Segment 

34 meter 

64 meter 


S 

X 

S 

X 

f 

432.000 

(1097) 

432.000 

1067.294 

(2711) 

1067.294 

2a 

203.247 

(516) 

203.247 

356.057 

(904) 

356.057 

d 

259.231 

(658) 

259.231 

371.875 

(945) 

371.875 

Dichroic/ 
ellipsoid /horn 

106.963 

(272 


106.963 


Total 

1001.441 

(2544) 

894.478 

(2272) 

1902.189 

(4832) 

1795.226 

(4560) 

Delay. r c , ns 

84.847 

75.785 

161.163 

152.101 

Dichroic 

correction 

- 

0.183 

- 

0.183 

Total delay, 

84.847 

75.968 

161. 163 

152.284 


V ns 
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Assessment of 20-kW S-Band Transmitter 

R. Dickinson and H. Hansen 
Radio Frequency and Microwave Subsystems Section 


The recent performance history of the 20-kW S-band transmitter , installed at three 
64-meter antennas and six 26-meter antennas in the DSN, is reviewed . An increasing 
number of failures and Discrepancy Reports are characteristic of the wearout phase of a 
failure curve. The type of failures are reviewed and four options toward reducing the 
number and cost of failures are reviewed. These are existing (no change), refurbish 
(replace worn components), redesign (extensive improvement) and replacement (with 
completely new transmitter). 

The options are compared on a ten-year life cycle cost basis using FY77 expenditures 
for existing equipment as a base. It is found that benefits, in terms of reduction of outage 
time , increase with an increase of expenditure toward improvement. The choice of option 
to be exercised is dependent upon the amount of outage which is acceptable and, of 
course, upon funds available. 


I. Introduction 

The 20-kW S-band transmitter subsystem is installed at each 
of three 64-m antennas and at each of six 26-m antennas in the 
DSN, making a total of nine transmitters. The installations 
were completed in 1966. Recent performance has been 
characterized by an increase in both minutes of outage and 
number of Discrepancy Reports (DR) on the subsystem. 
Figure 1 shows a sharp rise in outage and DR’s for the years 
1977 and 1978. This record was the reason for initiating a 
study of the transmitter to determine what optimum remedy 
would reduce this trend in failures. The object of the study is 
to evaluate the record of recent failure reports and to assess 
methods of improving performance. 


II. Recent Failure Trend 

An explanation advanced for the recent rite in failures is 
increased emphasis on Discrepancy Reporting. This may be a 





partial cause. However, the reports do cite increased outage 
time as a result of failures. Further, many failures have 
resulted from worn bearings, pitted relay contacts, and leaking 
seals. These troubles suggest that some components are in an 
“end-of-life” period wherein a more frequent failure pattern is 
typical. This situation requires attention immediately to 
prevent reaching a point where failure rate soars prohibitively 
high. Another reason for searching for options for improve- 
ment is that numerous components are becoming obsolete and 
difficulty has been experienced in locating replacement parts, 
especially when needed immediately. 

For the years 1976 through 1978, the outage time 
illustrated in Fig. 1 was divided among power amplifier (25%), 
power supply (25%), heat exchanger (25%), miscellaneous 
(20%) and procedural (5%) sources. Table I , which describes 
the reports for 1977, is representative of the failure pattern 
and shows many of the large outages which were the reason 
for the sharp rise in 1977. 


f 





Note that total outage due to fan failure, cooling system 
leaks, arc detector tripping, and insulation faults is 3862 
minutes, about 90% of the total. 

Some of the outage charged to the power amplifier was 
described as due to waveguide mismatch. Actually, the 
transmitter subsystem arc detector is operating as designed and 
the source of trouble may be in the waveguide, possibly 
leakage or other problems causing arcing or high voltage 
standing wave ratio (VSWR). The waveguide is subject to 
mechanical vibration and probably needs preventive mainte- 
nance applied. 

The largest source of power supply problems is fan failure 
due to bearing wearout. Reference 1 considers reliability of 
blowers to be composed of an electrical component, constant 
with time, and a mechanical “wearout” component which 
increases with time. It appears that mechanical components 
such as the fans may be at the end of life period where the 
failure rate is increasing rapidly. 

Other causes of power supply failures are in relay tripping 
and insulation breakdown. These, also, suggest aging problems 
such as contact pitting and insulation deterioration. 

Heat exchanger outage shows much time lost due to leaks 
at seals and fittings. Again, this suggests aging from hardening 
of packing and gaskets, vibration, bearing wear, etc. 

The 926 minutes, under miscellaneous, described as high 
noise are difficult to explain. A major portion of this outage is 
ascribed to waveguide arcing which is not a fault within the 
transmitter. 

III. Definition of Options 

Possible approaches toward the recent failure history range 
from “doing nothing” to replacement of the transmitter with a 
complete new design. “Doing nothing” implies acceptance of 
probable increased repair cost in future years plus acceptance 
of greater risk of outage during a scheduled operation when 
lost data might be irrecoverable. Increased maintenance cost is 
undesirable at any time. Losing irrecoverable data after having 
made minimum effort to reduce the likelihood of failure 
would be inexcusable. Therefore, “doing nothing” is consi- 
dered a first option but essentially as a starting point in 
searching for the most advisable plan of action. 

A review of Table 1, (plus the details of the associated 
Discrepancy Reports), suggests that replacement of compo- 
nents subject to wear and/or deterioration would offer a low 
cost approach to reducing failure rate. For instance, Table 1 


shows outage of 479 minutes from fan and air-flow switch 
failure, 735 minutes from seal and fitting leaks, and 426 
minutes due to low flow, fan bearings, etc., in the coolant 
system. These three areas total 1640 minutes and compiise 
38% of a total 4285 minutes outage. 

Other failures, such as wiring breakdown, offer additional 
potential for improvement by replacing components which 
show the effects of aging or high voltage deterioration. 

Thus, refurbishment was chosen as one avenue for impiove* 
ment which should offer substantial gains, possibly as much as 
30% to 40% reduction in outage, and at low cost. 

A third option would entail a more complete rebuilding/ 
redesign of the existing transmitter. This would allow replace- 
ment of all worn components, replacement of deteriorated 
insulation with new wiring, and minor improvement in 
circuitry if deemed advisable from experience. A recom- 
mended addition would be expansion of the monitoring 
circuitry to a built-in test equipment system to aid in faster 
diagnosis of failures and, thereby, reduce outage time. The 
proposed redesign would be considerably higher in cost than 
the refurbishment, but would be 'united by using most major 
components of the high voltage power supply, motor- 
generator set, heat exchanger, and the klystron. 

The potential cost of a redesigned transmitter and the 
compromises inherent in redesigning any equipment suggest 
consideration of an entirely new transmitter to replace the 
existing equipment. The added design cost would be justified 
by improved performance, high reliability and extensive 
monitoring and self-test circuitry. 

The result of the foregoing considerations was a plan to 
compare, on a life-cycle cost basis, four options to reduce the 
rise in failures, shown in Fig. 1 : 

Option 1. Existing transmitter. Continue use without 
action. 

Option 2. Refurbishment . Replace worn and obsolete 
components with new, current items. 

Option 3. Redesign. Replace additional components, such 
as obsolescent transistors. Redesign circuitry to remedy 
known problems, expand monitoring and self-test circuits, 
redesign cooling system to reduce leaks and vibration 
caused failures. 

Option 4. New transmitter. Incorporate highest reliability 
components, current manufacture, extensive monitoring 
and self-test circuits. Design to current and anticipated 
future requirements. Centralized control would be a design 
objective, with an option for completely unattended 
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operation. A pre-failure status file would be incorporated 
with the monitoring circuits to store pre-failure status 
information. 

IV. Cost History 

A cost model for the DSN was reported in R?f 2. This 
study developed a cost model for the DSN giving maintenance, 
operations, sustaining, and support costs for each subsystem 
(see Table 2). For the transmitter subsystem, the 1977 costs 
were: 


Category 

Cost 

Maintenance 

S 646.000 

Operations 

501.000 

Sustaining 

547.000 

Support 

462,000 

Total 

$2,156,000 


These Figures were used as a base for making a cost companion 
of the four approaches toward improvement of the trans- 
mitter. 

V. Estimating Cost to Upgrade Transmitter 

A comparison of life cycle cost for each of the four options 
was desired for the 10 year period beginning in FY80. The 
subsystem cost Figures for FY77 were adjusted to FY80 using 
an estimated inflation rate of six percent per year. A 
subsequent allowance for the combined effect of inflation and 
discount rates was made using a net discount factor of 0.98 
per year, per Ref. 3. 

The cost for each option was estimated by making an 
estimate of the cost of implementation. The effect of the 
changes made toward lowering maintenance, operations, sus- 
taining, and support costs was estimated in terms of percent 
reduction in expense which might reasonably be expected. A 
similar estimate was made of the minimum percentage 
reduction in 'minutes outage which could be expected. The 
following assumptions were matte for each option: 

Option 1: There wiU be no cost of implementation since 
no improvement will be made. It is believed that the failure 
rate is increasing due to aging of mechanical and electrical 
components. The rate was estimated to increase at five 
percent per year and this figure was assumed to increase 
maintenance costs proportionately. While the more fre- 


quent failures would have some effect on other costs, it was 
assumed that operations, sustaining, and support costs 
would not be increased. 

Option 2: A minimum program of refurbishment was 
assumed: 

(a) Replacement of fans with an estimated reduction in fan 
failures to 25% of the FY77 level. 

(b) A thorough rework of coolant lines and Fittings will 
reduce coolant system failures to 25% of FY77 level, 

(c) Increased efforts to keep the waveguide mechanically 
tight, pressurized, and free from impurities will reduce 
waveguide arcing and will give at least a 20% reduction 
in arc detector trip-outs. 

(d) Efforts to relocate critical controls plus improvement 
in operating procedures will reduce procedural errors 
by 33%. 

(e) While efforts to improve and replace wiring would be 
made, most wiring would be unchanged. Therefore, it 
was assumed that the number of wiring shorts, opens, 
etc., would be unchanged. 

The cost of implementation was estimated as the cost of 
new fans, coolant Fittings, and other hardware to accom- 
plish these improvements, plus the cost of associated labor. 
The estimated percent reduction in failures was applied to 
the outage time reported for 1977. The result indicated an 
approximate 30% reduction in outage time. This reduction 
was applied to maintenance costs beginning in the second 
year, assuming one year required for completion of the 
changes. A reduction of 30% in outage should aid in 
reducing costs of other functions and it was estimated that 
the cost of operations, sustaining, and support would be 
reduced by 10%, 5%, and 10%, respectively. 

Option 3: A “best estimate” of the cost of redesign was 
made, for each subassembly in the transmitter subsystem, 
to find the cost of implementation. 

The redesigned subassemblies would have new, current 
components and new wiring. Presumably, known problem 
areas would be eliminated. By this reasoning, it was 
concluded that improvement in outage would be consider- 
ably greater than the 30% reduction predicted in Option 2. 
Therefore, an estimate of 50% reduction in outage was 
made as a feasible design goal. This percentage was applied 
to maintenance to compute a ten year cost. 

It was estimated that a 15% reduction in operations, 
sustaining, and support costs could be expected from leu 
outage, from expanded self-test circuits, and from other 
refinements. This reduction was used to calculate a ten year 
cost for operations, sustaining, and support. 
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Option 4: Being m a conceptual stage, this option was the 
most difficult on winch to make cost estimates. For cost of 
implementation, a “best guess" estimate was used for cost 
of design, fabrication and installation, of each assembly. 

A major objective in the new transmitter is rapid fault 
diagnosis and quick repair of failures. For a conservative 
figure for reduction m outage time. oO'V was estimated to 
be a minimum design goal. Tins percentage was used to 
compute maintenance cost. 

Tlie self-test circuit, pre-failure status file, and central 
control operation, should provide a substantial reduction in 
operations requirements and a 25 f ? reduction was thought 
to be a realistic, minimum estimate. This figure was used in 
computing a ten-year cost of operations, sustaining and 
support. 

The specification, design, and procurement of the new 
transmitter would require at least three years. Therefore, in 
computing total cost, allowance was made for ir*' ntenance 
cost of the existing transmitter during a tnree-year design 
and phase-in cycle. 

The assumptions are listed in Table 2 and represent 
simply a single point selected estimate of the cost benefits 
which could be expected from each option. Further studies 
may set more definitive, reasonable goals for achievement. 


VI. Results 

The result of the estimates and computation of costs for 
the nine transmitters in the DSN are shown in Table 3 and 
Fig. 2. As noted above, the computations for Option 4 made 
allowance for costs of the old transmitter during a three-year 
design cycle. By way of interest, a computation was made for 
the new transmitter for FY83 through FY92, i.e., after 
completion of the design-phase in cycle. These figures. 
Table 3, make Option 4 especially attractive when charges for 
the change-over period are deleted. 


VII. Conclusions 

The reduction in relative outage increases proportionally to 
expenditure, as would be expected. The figures result from 
estimates considered to be conservative. The improvement 
from which reduction in outage was estimated is thought to be 
the minimum gain possible. 

Option 2, refurbishment, gives a high benefit-to-cost ratio. 
Basically, Option 2 involves replacement of old and worn parts 
and this program would be the minimum to be initiated. 

Additional improvements under Option 3, redesign, and 
Option 4, a new transmitter, are cost effective also. It appears 
that the choice of option is dependent upon, first, judgement 
as to the value of outage reduction in DSN operations, and, 
second, as to budget which is available for improvement 
purposes. 

Ten years was chosen as the life cycle span to conform with 
current life cycle cost studies. It is thought that Options 2 and 
3 would place the transmitter in condition to serve beyond ten 
years. A new transmitter per Option 4 should be useful for 
well beyond a ten-year life. 

The figures for DSN expenditures for the S-band trans- 
mitter used as a base for costs were determined after a lengthy 
study (Ref. 2). The cost estimates for the four options were of 
a “best guess” type in accordance with the improvement to be 
made. Therefore, accuracy of the total cost is commensurate 
with the accuracy of the “best guess” estimate. The trend 
shown in Table 1 and Fig. 2 is valid, however. Basically, the 
results show that substantial improvement can be obtained for 
small costs. As more improvements are made, the benefit-to- 
cost ratio drops and the gain becomes more expensive. 

Plans for additional refinement of the figures include 
contacting cognizant organizations for opinions and estimates 
on improvements which are required and the effect on outage 
and on costs if the changes are made. Also, current quotations 
for hardware requirements will be needed to arrive at more 
accurate cost figures. 
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Table 1. Discrepancy Report summary, 1977 


Assembly Outage 


Description of failure 


Power amplifier 351 min 
405 mm 

355 min 

35 min 

Power supply I 7 nun 
479 mm 

21 mm 
168 min 

165 min 


Heal exchanger 735 mm 
426 min 

Procedural error 132 min 
Miscellaneous 424 min 

502 min 
70 min 


Six arc detector trips, three due to 
suspected waveguide mismatch. 

One high reflected power indica- 
tion. removed by turning on 
coolant flow to an isolator. 

RE power limited, required 
adjustment of attenuator cou- 
pler set screw. 

Beam overcurrent relay tripped. 

Arc in high voltage cable, cable 
replaced. 

Eight fan or air-flow switch 
failures required replacing six 
fans and two air-flow switches. 

Three relay malfunctions. 

HV cable insulation breakdown 
and one loose HV connector. 

Transmitter could not be turned 
on because of jammed emergen- 
cy off switch on remote control 
console. 

N*ne leaks at seals, sight glass, 
fittings, etc. 

Nine failures due to low flow, 
lost pressure, fan bearings, etc. 

Outage <3% of total). 

High noise, due to waveguide 
arcing. 

High noise, cause undeter- 
mined, no recurrence. 

Other miscellaneous. 


Table 2. Effect assumed on costs 


Option Maintenance Operations 


1. No improvement 

2. Refurbishment 

3. Redesign 

4. New transmitter 


+5'-' / Year 

N/C 

'3o r ; 

-10% 

-50"? 

-15"; 

-60"? 

-25"; 


Sustaining Support 

N/C N/C 

-5"? ~nr; 

- 15 '; - 15 "; 

-25"; -25'; 


Table 3- Comparative coat of transmitter options ( th ou sands ) 


Transmitter 

option 

Total 

coat 

Implementation 

Maintenance 

Operations 

sustaining 

support 

Cost 

reduction 

% Outage 
reduction 

Existing 

$25,220 

No covl 

u.m 

$16,444 

- 

0% 

Refur bitw 

$20,399 

$265 

$5,241 

$15,093 

$4*621 

30* 

Redeugn 

$18,991 

$891 

$4. IIS 

$13,985 

$6,229 

50% 

New design 

$22,583 

$4,406 

$4,322 

$13,655 

$2,637 

60% 

New deficit 
(FYM-FY92)* 

$18,996 

$4,406 

$2.90 

$11,607 

$6,224 

*0% 

*Ten year cost after phase-out of old transmitter 
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This is the third article in the series reporting the progress of a waveguide arc study 
undertaken by the Transmitter Group . In this article , a dielectric model of waveguide arcs 
is presented to relate measurable electromagnetic quantities to the physical parameters 
characterizing the breakdown process. 


In the course of studying waveguide arcs, the RF power Z Q 
that is reflected from or transmitted through or absorbed by 
the arcing plasma is often measurable (Refs. 1 and 2). Such 0 
measurable quantities reflect the macroscopic electromagnetic 
properties of the waveguide arcs as seen by a matched 
waveguide system. In this brief article, we outline an attempt 
to develop a “dielectric model” relating these measured 
quantities to the physical parameters characterizing the break- 
down such as the electron density, collision frequency, and 
velocity distribution. We plan to use this model to correlate 
the arc properties determined by the electromagnetic and 
optical measurements. 

For simplicity, we shall assume the arc plasma behaves like 
a dielectric with complex dielectric constant e s e'-/f"(/ s 
\pX) and has a cylindrical shape of diameter d shunting the ^ 
rectangular waveguide at the center of the broad wall. The 
imaginary part of the dielectric constant accounts for the 
losses taking place inside the dielectric. Figure 1 shows the 
equivalent circuit representation for such a- dielectric rod 
shunting the waveguide (Ref. 3). Z a and Z b are given by: 


\J\ - m 7 


8m 


I 4 \ e" 

— + 1 

\a 2 f [(e- l ) 2 + e" 2 ] 


a 4 m 2 e” 


[6 + (2e* ~ 3) a 2 ] - / 


±*i) 
a 1 I 


~ 1) - _ j c „ 01 W rg (' _ i \ 

2S » 12 16(e 0 


[(.’-I) 1 .." 1 ] 


+ a* (e ,J - 2e' + 2- e" 2 )J | } (1) 


j,"|6.2(2.’-3)« J | 


+/[6(e - 1) + (2 - 3e')a 2 +(e’ 2 - e" a )« J ]{ (2) 
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with 


will* 10 


R : teal chuiacteiistic impedance of the wau'gunlo system 


/ 

a 



V 

j 


♦ /) 

t j 


X . fiee -space wavelength 




X : cut-off wavelength 


a : innei dimension of the broad waveguide wall 


a - mi/\ 



m = X/\. * X/: o 




Him) 2 



Assume the waveguide system is perfectly matched before 
arcing and neglect the effect of the arc movement. The 
impedance as seen by the source in the presence of arcing is 
given by 


* - * ♦ W 

* * W* 0 


0) 


and the reflection coefficient is 


r = 


Zjn ~ R p 

z m* R o 


(4) 


The temaining powei is dissipated eithei m the aic plasma 
oi in the teimmation We shall identity them as the powei 
absoibed by and tiaiiMUitted tluough the ate lespecttvely 

To catrv out the calculation fuithci. we need to know the 
waveguide dimension, opeiating frequency. ate plasma si/e, 
and its dtelectnc constant. The ate si/e ( t / a) is estimated to be 
between 0.1 to 0.2 judging from the aic tracks left behind m 
some icported S- and X-hand experiments (Kefs. 1 and 2). The 
effect on / . /?. due to the uncertainty of the d <a value is not 

O n 

completely negligible; ncvettl eless. the aic si /e can be con- 
sidered relatively certain. The most important and unfot in- 
nately the least 1 .town paiametei m evaluating Eqs. ( I ) and (2) 
is the dielect lie constant of the aic plasma as seen below . 

Assume local thetmodxnamic equilibrium (LIT) exists 
inside the arc plasma (this is usually satisfied foi gas pressme 
larger than I atmospheie and probably valid foi the waveguide 
arc also); the collision theory of gases (e.g., Ref. 4) gives the 
expression of plasma dielectric constant as follows. 


- i + m 4n f 1 

e = 1 + • • I . „ , 

wtoc J u /v \u) 


Jf 0 < u . 7 ) 
du 


• r/ 3 du 


l«») 


where c o is the angulai frequency of the electiomagnetic wave, 
// is the election density, c is the electronic chaige. m is the 
electronic mass; e Q is the vacuum peimitttvity; r(w) is the 
velocity dependent electron collision frequency and J 0 (uJ') is 
the unperturbed electron velocity distribution function. 
Because the state of the waveguide ate is not well understood. 
Eq. (6) is hard to evaluate. However, if wc can assume a 
velocity-independent collision frequency, Eq. (<>) can be 
reduced to a much simpler form as follows: 


After some lengthy calculation, the ratio of the reflected 
power P f to the incident power P (n is given by 


e 


jje 2 ^ I _ j w p 

mwe Q co - /V t , ~ co (to - /r.) 


(7) 


in J 


ll + y„(2r a + y„) - x h (2X a + X h )\ 2 ♦ 4 ((.V, ♦ X„) Y b + X b KJ 2 


in 


|1 + Y b (2Y f * Y b )- X b (2X a + X b )~ 2(X a +X b ♦ 1)1* + 4 [(X, + X b ) Y b +X b V ♦ Y, ♦ >J : 


(5) 
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where - ne 2l nu 0 in the plasma itequencv 1’wo extteme 
cases can he teadilv tden titled, name!) that t VN and 
v to. t or r « to. the collision piocess can he totally 

negUvfed and t - 1 i.e. t an ideal colhsiottless 

plasma. l*oi uj* ^ u» . the ifielectuc constant is a negative leal 
numhei tesulting m an imugmuiy ptopugution constant 
(evanescent mode) On the other hand, to tc ;> lesults m a 
real piopagalton constant (piopagalton inode), hot r t . to. 
the collisions are so ftequenl that they dominate the dieted i ic 


constant and t - ! ucj t ^o r , les.uitmg m substantial dissipa- 
tion m the plasma It is possible that as the ate stid.es and 
tonus, the condition ma\ e\ol\e Horn one lealm to the otltei 

Since we ate still in the piocess ot chuiucteii/ing waveguide 
ates, no quantitative evaluation will be earned out at the 
piesent time buithei studv done this line will be pteseuled 
and discussed in the futute as soon as the ph\ steal chat octet i- 
/ation of an ate plasma is feasible. 
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Fig* 1. Equivalent Circuit Representation for Dielectric 
Shunted Waveguide System 
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This is the second article in the series reporting the progress of waveguide arc study 
undertaken by the Transmitter Group . In this article we report some experiments and 
their preliminary results on the arc study and the arc detector evaluation. Some future 
experiments are also briefly discussed. 


I. Introduction 

This is the second article in the series reporting the progress 
of waveguide arc study and protection undertaken by the 
Transmitter Group. In this article we briefly describe some 
experiments that have been or are being carried out to 
investigate the arc properties and to evaluate the arc detection 
subsystem performance. Preliminary results are presented 
where appropriate. 

II. Controlled RF Arc Generation 

Our arc study will be based on a controlled RF arc 
established in the laboratory; therefore, a method of genera- 
ting a suitable arc has to be found. At present, we are 
experimenting with the idea of establishing an arc inside a 
resonant structure. During this phase of study, a matched 
waveguide system with a resonant section was assembled. A 
block diagram showing the essential components and the signal 
path is given in Fig. 1. The RF power amplifier used here is 
capable of delivering more than 10 W into a matched load. The 
resonant section is made of a 10.16-cm-long standard wave* 
guide (WR430) with both ends enclosed with conducting 
planes. The coupling is achieved through iris openings in these 
conducting planes. The width for the input plane is such that, 


along with the stub tuner, zero-reflected RF power can be 
achieved at resonance. The iris width on the output plane is 
such that the loading on the resonator is negligible while 
providing a measurable signal for monitoring the RF fields 
inside the resonator. 

Preliminary results showed that the unloaded quality factor 
of the resonator can be as high as 6.5 X 10 3 at 2 GHz. Since 
the RF source used in this experiment was not stabilized, the 
critical coupling state (zero reflection power at resonance) 
could not be maintained for long before detuning occurs due 
to oscillator drift and/or thermal effects. At present, we are 
exploring other alternatives. Among them, the scheme of using 
a very stable VHF oscillator in cascade with a frequency 
multiplier seems very promising in providing the necessary 
stable RF drive. 

The idea of using a resonant structure is to sustain a very 
high RF field inside the structure with a low-power RF source. 
However, as soon as a breakdown is induced, the loading on 
the resonator can be such that a large mismatch between the 
source and the resonator occurs, resulting in substantially 
reduced fields inside. This, in turn, can quench the arcing 
unless the already formed arc can be sustained at a much lower 
field level. (This is in contrast to the arcs generated in a 
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high-power transmission system where ares are continuously 
subject to intense incident RF until the latter is turned oft.) 
Such difficulty is inherent in any experiment using a resonator 
to study the properties of a notmegligibie perturbation 
introduced to it. Nevertheless, arc study using a resonant 
structure still merits further pursuit for the following reasons. 
During the initial breakdown of high-power transmission, arcs 
evolve from a rapid formative (initiation) state into a more 
prolonged sustained state. The field and energy balance 
conditions to bring about an RF arc and to sustain it are 
believed to be quite different, as is the case for the dc arcs. In 
view of protecting the transmitter, it is logical and desirable to 
design an arc detector to be most responsive to the waveguide 
arc characteristics that are exhibited during the formative stage 
of arcing, in addition to being responsive to the emission from 
an established arc. The short-lived (but readily repetitive) 
pulsed arcs permitted by the resonator are useful in studying 
the nature of this formation phase of arcing because the RF 
fields inside the resonator prior to the breakdown can be made 
to approach that present in the waveguide of a high-power 
transmission system, and therefore resonator arcs are expected 
to be good simulations of high-power waveguide arcs as far as 
this phase is concerned. 

Since the arc tarnation time was reported to be quite short 
(about 1 microsecond at 5 kW, and much less at higher 
power), a prudent design requires that the arc detector should 
also respond positively during the following sustained state. 
Thus some knowledge about the sustained arcs whether they 
are moving (such as those that exist further along the 
transmitter output waveguide) or stationary (such as those 
that may exist at the klystron window) is also highly desirable. 
Methods of generating sustained RF arcs inside a resonator are 
currently being explored so that studies can be done using 
them as a source. Such arcs are not expected to be fully 
commensurate with existing high-power transmitter arcs; 
nevertheless, at this early stage of the detector engineering 
design, we do not wish to tie up a multimillion dollai, 
megawatt facility to test arc detector responsitivity. Of course, 
high power RF arcs are eventually needed for final verification 
tests. 

ill. DC Nitrogen Arc Experiment 

During this phase of study, we also performed some dc 
nitrogen arc experiments mainly as an exercise of getting 
acquainted with the optical instrument as well as the flickering 
nature and radiation spectrum of nitrogen arcs. A block 
diagram showing the basic experimental arrangement is given 
in Fig. 2. 

The optical instrument consists entirely of an EG&G 
580/585 Spectroradiometer system. It has the capability of 


performing both spectrometer and radiometei measurements, 
but is calibrated for only the former mode of operation. When 
measuring the spectral distribution of a source, order sorting 
filters are needed for each segment of the spectium with 
bandwidth 100^ 200 inn wide to eliminate the higher-order 
contributions from shorter wavelengths for a given grating 
position. The overall spectral range is determined by the filter 
type used, grating range, and photomultiplier responsivity. For 
our system, it covers from 350 to 1 200 nm with two different 
photomultiplier detectors. The accuracy of the wavelength 
reading is estimated to be ±5 nm mainly due to a mechanical 
backlash in the grating scanning mechanism. 

The au was generated ac.oss a 3.2-mm gap between two 
tungsten electrodes with voltage of 10 to 15 kV across them. 
The tube was repeatedly evacuated and refilled with 1 atmo- 
sphere of dry nitrogen gas. The maximum arc current is limited 
by the high -voltage supply to l m A and as a result only a very 
limited light output has been obtained. 

A typical raw spectrum covering the visible range is shown 
in Fig. 3. The spectrum is somewhat distorted because the 
spectrometer has quite different responsitivities over different 
portions of the spectral regions. After correcting for this 
difference, a “true" spectrum is obtained. This is a very time 
consuming process because it has to be done for each 
wav length. Compounding the task are the original uncertainty 
of the ia w spectrum and the possible errors in wavelength 
designation. In Fig. 3 we also show a sample of a corrected 
spectrum. As can be seen from there, detail spectral structures 
cannot be unambiguously resolved because of spectrometer 
resolution, spectrum fluctuation, wavelength errors, and the 
correction process for responsitivity difference. Nevertheless, 
such spectrum can still provide a general sketch of spectral 
distribution and their relative magnitude. 

For wavelengths between 700 and 1200 nm, a thermoelec- 
trically cooled infrared detector has to be used. At present we 
have some difficulties obtaining a consistent spectrum in this 
region largely due to the drift and dark current in the detector 
itself. This seems to imply insufficient cooling power for our 
detector. Further study of this problem is under way. 

One useful parameter to describe the general characteristics 
of an arc is the arc temperature, especially when local 
thermodynamic equilibrium prevails. An empirical method has 
been established (Ref. 1) that can determine this temperature 
very conveniently. Specifically, for a given pressure, the 
nitrogen arc radiation (per unit source volume, per unit 
wavelength bandwidth and per ,*.i>t solid angle) at wavelength 
X s 4955A is measured. The arc temperature is then read off 
from an experimentally established calibration curve showing 
the same quantity as a function of temperature. This particular 
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wavelength is chosen because, in the vicinity of it, theie is no 
line speetium contribution (U\, pure contmuuni) even at a 
very elevated temperature. Whereas in other paits of the 
spectrum, substantial contribution from line spectrum broad- 
ening can take place at elevated temperatures even though 
they are also devoid of line spectrum contribution at a lower 
temperature. Applying this scheme to our sample spectrum, 
the temperature was found to be well below 3000 K, which is 
consistent with the fact that the arc current is limited to less 
than I mA. To our knowledge, there is no nitrogen spectrum 
at this temperature, pressure, and arc current readily available 
for comparison; therefore, to establish confidence tn our 
measurement technique, spectra at much higher arc currents 
are needed. 

IV. Transmitter Test Light Upgrading 

A nitrogen atmosphere test light would be quite desirable as 
a light source for arc detector testing. However, until such a 
unit can be developed and implemented, the xenon-type flash 
lamp see ins to be an interim cost effective test lamp despite 
the fact that the spectrum it produces is different. In fact, 
such a lamp can perform almost all the functions that we 
expect fiom an ideal nitrogen test light. 

A feasibility study of upgrading the existing transmitter test 
light subsystem was initiated during this phase of study. The 
goal of this study is to evaluate a commercial solid state 
electronic camera flash as a candidate for replacing the 
presently used test light. The attractive features of the flash 
unit used in this study (Kodak Ektra Electronic Flash) are 
small sue, low-voltage power source (3 V), fast rise time, and 
intense light output. 

The test light is mounted on the transition region from the 
klystron amplifier output window to a WR430 elbow section. 
It performs routine arc detector checks, provides a time 
reference for response time check and can be used in the arc 
detector sensitivity calibration, which in turn provides the 
necessary information for setting the detector safety margin. 

The unit was slightly modified so that it could be 
electronically triggered to provide well-controlled and repeti- 
tive unambiguous Hashings. At the recommended +3 V supply, 
it required three or four seconds to fully charge the unit with 
peak charging current as high as 1 .5 A. The standard arc 
detector was used to detect the flash via an optical fiber link at 
the bend of the elbow. The time delay from the rising edge of 
the triggering pulse to the rising edge of the arc detector 
output was measured at several test light levels. The results arc 
summarized in Fig. 4. 

Ith is the threshold intensity to produce an observable 
detector output. Since both pulses have rather short rise times 


(of the older of nanoseconds), the obseived delay can be 
attributed to the combination of the delay in actual flashing, 
delay due to light path, delay due to photodiode response, and 
delay due to voltage comparator (LM2I1) in the arc detector 
circuitry. On the time scale of observed delay, it seems that 
most of the delay is due to the voltage comparator response 
when the input voltage to it is small (i.e., at very low-light 
level). This is partially supported from the specification of said 
comparator where it is shown that substantial response time is 
required at low input level. To show the weakening effect on 
the light eventually detected by the photodiode due to the 
waveguide and optical fiber link, the "dead” time of the 
system was measured by directly connecting the flash unit 
output port to the arc detector input port. At maximum flash 
output, the delay time was measured at 0.7 /is as opposed to 
the minimal observed time of <>jis in the actual waveguide 
configuration. 

Clearly, from the results obtained, we conclude, to make an 
arc detector effective anu reliable, every step of caution has to 
be taken to assure the maximum amount of light reaching the 
photodiode surface. Assuming that the detector remains 
unaltered, the following areas for improvement remain: 
waveguide wall reflectivity, optical acceptance geometry, 
optical fiber attenuation, and optical tlber-to-photodiode 
coupling. Among them, the acceptance geometry and fiber- 
diode coupling seem to offer more room for improvement. 
Only the coupling problem will be discussed here and we will 
say more about optical acceptance geometry in the next 
section. 

On a closer examination of our hardware, we found that 
the optical fiber-to-photodiode coupling was rather poor : n 
our present set up. The problem arises mainly from the 
physical construction of the fiber itself, which is custom-made 
and has two input and two output channels. The individual 
tiny fibers that constitute the main optical fiber are so 
arranged that whenever there is light in either input channel, it 
will be equally split into two output channels. Ideally we 
would like to have the light emerging from the output channel 
uniformly distributed over the whole cross-section area to 
maximize the effective interception between this cross section 
and the photodiode active surface because they are not of the 
same size and shape. Unfortunately, this is not the case for our 
fibers. The light emerging from our optical fiber tends to 
cluster in patches and is distributed irregi ulv over the cross 
section. With the active photodiode surface smaller than the 
optical fiber cross section, the effective light coupling can be 
severely reduced depending on the actual light distribution. 

An attenuation experiment was carried out to investigate 
the loss due to this "optical mismatch." A monochromatic 
light source, whose size U the same as the diameter of an 



optical probe aperture used for detecting the light at the 
output end but less than that of the optical fiber, provides a 
uniform illumination on the input cross section. The results of 
the measurement were sumnwri/ed in Tab!*' l lodging from 
the state of the art of optical fiber technology and taking into 
account the length involved and the power splitting feature, an 
attenuation of 5.0 ^ 5.5 dB between channels is regarded <s 
normal. We have incurred an additional attenuation of up 

3.1 dB due to poor coupling. This deficiency in coupling can 
be corrected without difficulty. If we exchange the roles of 
input and output channels, we can obtain a uniform light 
output over the entire cross section at the input channels. 

V. LED Array Simulation Experiment 

One piece of design information that is useful in maximiz- 
ing the amount of light received bv the detector is the fraction 
of the light output that enters the optical fiber for a given 
source and fiber configuration. Not knowing where the 
breakdown will occur in the general area of the klystron 
amplifier output window, it is impossible to obtain a specific 
answer. In the following, we attempt to make an order-of- 
magnitude estimate of this fraction based on the assumption 
that the arc will strike across the center of the broad wall of 
the waveguide at the far end where the test light is situated. A 
linear LED ariay was used to simulate the arc. Its dimension is 

3.2 mm X 50.8 mm, and at a distance of ino.e than 50 cm 
away, it can be regarded as an effective point source. The 
desired fraction is then obtained by taking the ratio of the 
amount of light received at the input end of the optical fiber 
to the light intensity of the source. The optical measurement is 
similar to that shown in Fig. 2 and the essential data are 
summarized below: 


P = Total light emitted from the souice per unit solid angle 
per unit wavelength (i.e., irradiant intensity per unit 
wavelength) 

= 2.14 X 10' b W/nm-rad 

/. = Total light received at the input end of the optical 
fiber per unit wavelength 

= 4.1 X I0“ ,o W/nm 

Therefore the effective solid angle subtended is 
s* t . ff = ~ =I.9X I O ' 4 rad 

However, the apparent solid angle is approximately 

n _ *<).0X 1(T S rad 
app 

That is, the effective solid angle is twice the apparent solid 
angle indicating that the contribution of light indirectly 
scattered into the optical fiber is not insignificant. In fact, it is 
quite comparable to that from direct scattering. One other 
aspect worthy of note from the above calculation is that a 
linear source can radiate into a solid angle of the order of n 
radians while our effective solid angle is only about 2 X 10“ 4 
radian, i.e., only about 0.01 percent of the light gets detected 
in our present geometry. It seems reasonable to assume this 
collection efficiency can be improved somewhat by enlarging 
the aperture of the optical fiber until the electromagnetic 
characteristics of the system start to be affected. 
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Table 1. Optical fiber attenuation and one of the 
teat configurations 
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Radio Frequency Interference Effects of Continuous 
Wave Signals on Telemetry Data: Part II 
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In a previous report (DSN Progress Report 42-40 ), the results of the j st series of 
radio frequency interference tests and an empirical telemetry bit SNR degradation model 
deri\ ed for a fixed telemetry data rate ind a fixed telemetry ■ data power were presented. 

In this report. Part II, the results of a second series of radio frequency interference 
tests and the derived telemetry bit SNR degradation model, which includes the telemetry 
data rate and the telemetry data power as independent variables v ■' characterizing the 
continuous wave interference effects on telemetry data, are presented . This generalized 
telemetry bit SNR degradation model has been implemented in the second version of the 
Deep Space Interference Prediction software. 


I. Introduction 


As part of an ongoing effort to investigate radio frequency 
interference (RFI) effects on Deep Space Network (DSN) 
spacecraft telecommunication signals, a series of RFI tests 
was formulated and conducted with standard Deep Space 
Station (DSS) equipment to investigate continuous wave (CW) 
interference effects on telemetry data in 1976. In analyzing 
the effects, the CW interference was treated as an extraneous 
noise. Empirical telemetry bit signal-to-noise ratio (SNR) 
degradation and drop-lock models were then developed based 
on test data and certain physical characteristics of the telem- 
etry data processing system. These tests and resulting models, 
which were described in a previous report (Ref. 1). however, 
were strictly for a telemetry data rate of 2000 bps and a 
telemetry data power of about -140.5 dBm. To further under- 
stand the CW interference effect on telemetry data as a func- 
tion of the telemetry data rate and the telemetry data power. 


k- 
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a second series of RFI tests was conducted at the Goldstone 
Deep Space Station (DSS 1 1 ). This report describe* these 
tests and the new telemetry bit SNR degradation model 
derived. 


II. Tttemctry Interference Test 

A. Test Objectives 

The test objectives were (I) to characterize the telemetry 
bit SNR degradation as a function of the telemetry data rate 
and the telemetry data power in the presence of a CW inter- 
fering signal. (2) to integrate the results into the previously 
developed telemetry bit SNR degradation model (Ref. 1 ) to 
form a generalized telemetry bit SNR degradation model, and 
(3) to investigate the CW interference effect on the high-order 
telemetry subcarrier harmonics. 



B. Test Configuration 

A block diagram of the test configuration is shown in 
Fig. 1 . The carrier tracking and telemetry data processing sys- 
tem is the standard DSS equipment. The Simulation Conver- 
sion Assembly (SCA) was used to generate two binary data 
streams; each data stream bi-phase-modulated a squarewave 
subcarrier. The two composite (data plus subcarrier) signals 
are then mixed and used to phase-moduiate a continuous wave 
carrier. Operations support software was used in the Telemetry 
and Command Processor (TCP) to provide the telemetry data 
SNR statistics. 

The desired downlink signal used for the test was a typical 
Viking spacecraft dual-subcarrier downlink signal. However, 
only the effects on the high -rate subcarrier were investigated. 
Table 1 summarizes the exact desired downlink signal 
configuration. 


telemetry data power of -140.5 dBm (composite average) in 
the presence of a CW interfering signal was presented. In 
developing the model, the CW interfering signal was treated 
as an extraneous noise. Using the basic definition of received 
bit SNR: 



where: 


C. Test Cases 

Seventy-eight RFI cases were tested. They may be cate- 
gorized into three different sets: 

(1) Telemetry data power variant: The CW signal was 
placed 1.2 Hz away from the upper telemetry sub- 
carrier. The telemetry data rate was set at 2000 bps. 
The telemetry data powei was set to three different 
levels; for each data power level, the telemetry data 
SNR degradation was measured at selected CW signal 
levels. 

(2) Telemetry data rate variant: The CW signal was placed 
1.2 Hz away from the upper telemetry subcarrier. The 
telemetry data was set to four different data rates; for 
each telemetry data rate, the telemetry data SNR 
degradation was measured at selected CW signal levels. 

(3) CW interfering signal’s effect on high-order (through 
the 27th) telemetry subcarrier harmonics: The telem- 
etry signal level and data rate were fixed at -140.9 
dBm and 2000 bps, respectively. The CW signal was 
placed coincident with each of the telemetry sub- 
carrier harmonics one through twenty-seven (odd 
numbered harmonic only); for each case, the telemetry 
data SNR degradation was measured. 


SNRj = received bit SNR when RFI is not present 
SNR ir - received bit SNR when RFI is present 
P D = total high-rate data power 

T b = bit (symbol) time (l/BR) 

K = Boltzmann’s constant 

T „ = effective system noise temperature when RFI 

is not present 

T r = increased system noise temperature induced by 

the CW interfering signal. 

Then, defining the received bit SNR degradation as: 


A SNRj = SNR r SNR m 


The mathematical expression of A SNRj was derived: 


ASNR i = 10 log 



0 ) 


Tables 2 through 4 summarize the test cases performed. 


Also, using the basic relationships: (See Fig. 2) 


Ilf. Bit Signal-to-Noiss Ratio 
Degradation Analysis 

A. Summary of Previous Bit SNR Degradation Modal and 

In a previous report (Ref. 1), a telemetry bit SNR degrada- 
tion model for a fixed data rate of 2000 bpa and a fixed 


SNR Q - SNRj - L $ 


SA'R ok - SNR m - L sr 


206 



where 


wheie 


iSA/\^ ; = SSA bit SNR when Rl l is not piesent 

~ ^ NNR wheti RH is present 

A v - System loss when REI is not present 
*. SK = System loss when Rl l is piesent 

And. delining the SSA bit SNR degradation as* 


-S.V.VK,, = *VK„ - SXK 


tlte mathematical t unction ot AS\R f ^ was expressed as: 

±SXR C) = ±SXR rl L s -L SR ) C) 

Having hqs. ( I ) and (2) established, the functional relation- 
ship of the CW interfering signal and the increased system 
noise temperature it induces for the case of the CW signal 
coincident with the telemetry subcarrier was empirically 
derived from the test data (SSXR a ). The result was (NOTE: 
L s and L SR were obtained from the Telemetry Analysis 
Program): 


i * 0 


| P D - -140.5 dBm 


[(io 82!e 04:,/ ’*'-'i) 2 


+ (40)* -39.5 (3) 


= frequency separation between the CW interfer- 
ing signal and the telemetry subcarrier 

= CW interfering signal level (dBm) 


Then, the telemetry bit SNR degradation characteristic 
with the CW interfering signal at various frequency offsets 
from the subcarriei or subcarrier harmonics (test data included 
up to the fifth subcarrier harmonic) was investigated. This was 
done, first, by driving the telemetry system's magnitude 
response function, which is: 


Af_\ 2 / sin (»r Af T a )\ 2 


, /Ar.iSs in 

i*(«.a/~)i j - hr) (- 


h - gain 

// - MibcaiiuM hatmoiuc number, n - l,d.,\etc 


A/ . I V 'A,,.' W 

I'v. I "7„,,</ c 

J nu , = nr/i haimonic of subcanter j) 

( 1 sr huimonic is also refened to as suhcamci ) 

f HFI ~ CW interfering signal frequency 

Thus, the power response fun. :ion of the telemetry system 
lor any CW signal with power, /’. would be 


/ /' T \ * / sm (.7 A/ r 
/’ (ft. Af ) = (/’) ( "• " 

" ,l \ n ! \ ,7 At t 


Next, the following relationship (latio) was formed: 


P{n l Lu ) \ I \\ /sm ( 7_v/ (it( / 

/>(1 ' 0 ' \BR-2K ' W ' \ 

Expressing it in decibel formal, and rearranging terms 
p o>. ±f nsc ) = p o.o)- :oiog(«) 


si,,(,rA 4 t . r n'Y 




+ 10 log 


/smo, A/^r fl n 2 


Finally, this relationship was integrated into Eq. (3) along 
with two adjustment factors (based on test data) to form a 


generalized expression for T„ : 

A 


' R BR = 2K. 

P D - -140. S dBm 


00 

© 

. 0.042 1 P 

i * j 

+ (40) 2 j 

1/2 

-39.5 


P, = P RFI - (0.94) . (20 log /») + (0.90) 


T, 


\~' * 


.. J-T £ 


where 


Combining the BR terms, and expressing the result in decibel 
c ormat. 


' BR = i IT b 

n = number of the subcarrier harmonic which the CW 
interfering signal is affecting. 

Thus, Eqs. (t>). (5), (1), and (2) formed the telemetry bit SNR 
degradation model as presented in Ref. 1 . 

B. Degradation as a Function of Telemetry Bit Rate 
and Telemetry Data Power 

In this paragraph, the telemetry bit SNR degradation model 
as described in the preceding paragraph is to be generalized to 
include the telemetry bit rate and the telemetry data power as 
independent variables. To do this, an empirical approach is 
used. The functional relationship of the telemetry bit SNR 
degradation and the two telemetry parameters (bit rate and 
data power) in the presence of the CW interfering signal is 
derived from Mie test data. 

Let us first assume that the effect of the CW interfering 
signal on the telemetry bit SNR is dependent on the telemetry 
bit rate and the telemetry data power. Let us further assume 
that for a CW interfering signal with power. P. input into the 
telemetry system, its relative effect on the telemetry bit SNR 
as a function of the telemetry bit rate and the telemetry data 
power may be expressed in terms of effective CW interfering 
signal power in the form of: 



P f [P 0 . BR . w. AJ nsc ) = P ~ r (P D ) + 20 log {h ) - 20 log (* ) 
- w ( 1 0 log BR ) 



where w = 2 - the coefficient to be determined from the 
test data. Let P D = -140.5 dBm, BR = 2000, * = 1, and 
Af = 0. Then. 

J nsc 

P e (-140.5.2000. 1.0) = P- v (-140.5) 

+ 20 log h - w (10 log 2000) 

Thus (in decibel format). 

P (P D , BR . Af nsc ) - P (- 140.5, 2000, 1,0) = 

-V (P D ) + v (-140.5) -20 log* 

-w (10 log BR) + w (10 log 2000) 


where: 

P e = effective CW interfering signal power 
u, v « coefficients to be determined from the test data. 

Substituting the above relationship into the telemetry 
system’s power response function (Eq. 4), an effective power 
response function of the telemetry system for any C‘W signal 
with power P is obtained: 






P e {P D% BR t n, Af nsc ) = P e (-140.5, 2000, l,0)-v(P D ) 

+ v(- 140.5)- 20 log* 

- w (10 log M) + w (10 log 2000) 



V , 


-.AT 


-* C* 

'■W 

nr 


Remember that Eq. (3) as described in the preceding para* 
graph is based on the telemetry bit rate of 2000 bps. telemetry 
data power of -*140.5 dBm, and the interfering signal level 
Prfi with A/ Ijf equal to zero. Thus, applying the above 
relationship. Eq. (3) may be generalized as: 


f/ o.o42t p .\ 2 ,] l/2 

T r = [\10 8 ~ Ie / f + (40)* J -39.5 (7) 

P i = / , | eF/ "-01ogii-r(^ o )+p(-i40.5)-w(10logi?/2) 


+ w’ (10 log 2000) + 10 log 


sin 


(*%) 




BR 


From the test data. »’ and vv are best determined to be 
0.11 and 0.89. respectively. This, however, is done with the 
retention of the two adjustment factors (0.94 and 0.90). 
which were introduced into Eq. (6). Thus. P. becomes: 


P, = Prfi~ (0.94) (20 log »)- (0.1\)(P D ) + (0.1 1)(- 140.5) 


- (0.89) (10 log BR) + (0.89) (10 log 2000) 


+ (0.90) 


10 log 


,Mn \ n ~BR-) 




BR 


Simplifying the above equation, then: 


P, * P RFt ~ (094) (20 log «)- (0.11)^ 


-(0.89) (10 log BR) 


+ (0.90) 


10 log 



+ (13.924) 


( 8 ) 


Eqs. (7) and (8) may he further simplified by letting. 
P R - P { - (13.924) 


Substituting this relationship into Eqs. (7) and (8), and then 
simplifying, the ieleme'ry bit SNR degradation becomes: 


P r = F rfi' (°94) (-0 log «)- (0.11) P u 
- (0.89) (10 log BR) 


+ (0.90) 


10 log 


sin ir 




BR 




BR 


(9) 


T r = (lO J951e ° 0421 + 1600) ,/: -39.5 (10) 


A SNR, = 10 log ) 

±SA'R 0 = A SXR,-(L s -L sr ) 


( 1 ) 

( 2 ) 


Using this generalized model (Eqs. (9), (10). (1), and (2V*. 
A SNR j are calculated and plotted against the test data for 
test cases 1 through 64 in Figs. 3 and 4. 


C. Interfering Signers Effect on High-Order 
Telemetry Subcerrier Harmonics 


The CW interfering signal’s effect on telemetry bit SNR 
when the CW interfering signal is placed at various high-order 
subcarrier harmonics is to be investigated in this paragraph. 
To do this, let us first examine the band-pass characteristic 
of the telemetry channel of the receiver system used for the 
test. 


The receiver system used for the test is a double-heterodyne 
phase-locked receiver system. The simplified functional block 
diagram of the telemetry channel of the receiver system is 
shown in Fig. 5. As can be seen in Fig. 5, the desired carrier 
input to the receiver system is being down-converted in two 
stages to a 10-MHz IF signal, which is then fed into the Sub- 
carrier Demodulator Assembly for carrier and subcarrier 
demodulation. The overall normalized magnitude response of 
this 10-MHz IF telemetry channel of the receiver system is 
shown in Fig. 6. Thus, the CW interfering signal (or any 
extraneous signal) that passes through the receiver is subjected 


' i. 4b 


■ U . 


1 f* * 





to ( 1 ) the frequency down-conversion as is the desned carrier, 
and (2) the corresponding signal level attenuation as charac- 
terized by the normalized magnitude response (Fig. 6). There- 
fore. in evaluating the CW interfering signal’s effect on the 
telemetry bit SNR when the CW interfering signal is at a high- 
order subcarrier harmonic (or at any frequency away from the 
carrier), the CW signal level, in Eq. (9) must be 

accounted for its attenuation due to the receiver’s magnitude 
response as shown in Fig. o. Using Fig. 6 and the telemetry 
bit SNR degradation model derived in the preceding para- 
graph. ASXRj are calculated and tabulated against the test 
data for the test cases 65 through 78 in Table 5. 

The receiver’s normalized magnitude response curve, as 
shown in Fig. 6, represents the nominal design character- 
istics; the actual normalized magnitude response is not pre- 
sently available. Because of this and the fact that the nominal 
design normalized magnitude response curve, as shown in 
Fig, 6, covers only a relatively small frequency domain (about 
9 MHz), the receiver’s normalized magnitude response func- 
tion is not presented in this report. 


P R = P Rhi ~ (0.94) (20 log/i)- <0.1 1)/^ 


- (0.89) (10 log BR) 



When the CW interfering signal is significantly away from 
(or not coincident with) the desired carrier in frequency, the 
effective CW interfering signal power is reduced. The reduc- 
tion is due to the relative attenuation caused by the receiver’s 
normalized magnitude response as shown in Fig. 6. There- 
fore. in calculating the bit SNR degradation, \heP RFI term in 
the above bit SNR degradation model must be adjusted for 
its signal level reduction with the corresponding attenuation 
caused by the receiver’s normalized magnitude response. The 
receiver's normalized magnitude response function was not 
included in this analysis because of the lack of actual data. 


V. Conclusions 

IV. Summary of Analysis Results 

Based on the test data obtained from this series of CW 
When a CW interfering signal is present in the DSS tracking interference tests, the telemetry bit SNR degradation model 
and telemetry data processing system, the telemetry bit SNR previously developed (Ref. 1) was generalized to include the 

is degraded. The telemetry bit SNR degradation as a function telemetry data rate and the telemetry data power as indepen- 

of the CW interfering signal power, the frequency separation dent variables. Test results showed that the telemetry bit 

between the CW interfering signal and the desired telemetry SNR degradation is relatively more sensitive to the telemetry 

f subcarrier, and the effective system noise temperature of the data rate than the telemetry data power. The test results of 

DSS tracking and telemetry data processing system was the CW interference effect on the high-order telemetry sub- 
modeled in the previous report (Ref. 1). In this report, the carrier harmonics revealed that when the CW interfering signal 

telemetry bit SNR degradation was found to be also depen- is away from the desired carrier in frequency, the effective 

i dent on the telemetry bit rate and the telemetry data power. interfering power is reduced due to the receiver’s band-pass 

The bit SNR degradation model was generalized to include all characteristics (magnitude response). Thus, when using the 

these variables: telemetry bit SNR degradation model, the CW interfering 

signal power must be adjusted (reduced) accordingly with the 
- receiver’s band-pass characteristic function. Because of the 

ASNR Q - ASNRj- (L s - L sr ) lack of actual data, the receiver’s band-pass characteristic 

function was not derived in this analysis. 



Additional tests and analysis are needed to better under- 
stand the DSS equipment’s RF1 susceptibility. Some major 
tasks will include: 

(1) The receiver’s band-pass characteristic function and its 
image rejection capability. 


(2) Effects on the telemetry system for various kinds of 
interference spectrum. 
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Table 1. Desired downlink signal configuration 


Carrier frequency (J c ) 

2293.148160 MHz 

Carrier power (P c ) 

See Tables 2-4 

?h rate data 

Subcarrier frequency (J scl ) 

240 kHz 

Data format 

Un coded 

Btr rate (BR) 

See Tables 2-4 

Modulation index 

66.54 degrees 

Data power ( P D ) 

See Tables 2-4 

w rate data 

Subcarrier frequency 

24 kHz 

Data format 

Uncoded 

Bit rate 

33*1/3 bps 

Modulation index 

19.25 degrees 

Data power 

{P c - 9.1 ) dBm 


Table 2. Telemetry data power variant test cases 


Test 

number 


P c , dBm 


/>£. dBm 


BR , bps T s , Is P dBm 


} RF , % Hz 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

n 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 


-141.5 


♦ 

-141.5 

-148.1 


-148.1 

-155.0 

» 


♦ 

-155.0 


-134.3 2000 25.2 


-134.3 

-140.9 


-140.9 

-147.8 


♦ 

-147.8 


2000 25.2 


-165.5 / f e + f i + 1.2 
-160.0 
-155.0 
-150.0 
-146.0 
-143.0 
-140.0 
-137.0 
-134.5 
-132.0 
-1M.5 
-149.5 
-145.0 
-142.5 
-140.0 
-165.0 
-160.0 
-155.0 
-151.0 

-148.0 i 

-146.0 + 1.2 


or 
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Table 3. Telemetry data rate variant test cases 


Test 

number 

P c , dBm 

P[ } , dBm 

BR, hps 

T s 

. K 

r Ri r dBm 

'rfi 1,7 

22 

-157 5 

-150.3 

200 

25 

2 

-165.0 

1 + 1 

23 

1 


1 


j 




-160 5 



24 





j 




-155.0 



25 


t 

J 

r 


f 


r 

-152.0 



26 

-157.5 

-150.3 

200 

25.2 

-151.0 



27 

-145.0 

-137.8 

4.000 

25.6 

-164.0 



28 



1 






-160.0 



29 

1 

1 



\ 




-157.0 

j 


30 





1 


i 


-154.0 



31 





1 




-151.0 



32 

: 








-148.0 

J 


33 









-145.0 



34 









-142.5 



35 



! 

| 

1 

i 

i 




-139.5 



36 


r 


r 

♦ 



-137.5 



37 

-145.0 

“1 37.8 

4.000 



-135.0 



38 

-138.0 

-130.8 

20.000 



-164.0 

1 

39 









-160.0 

1 

1 

40 









-157.0 

j 

41 









-154.0 

I 

42 









-151.0 

i 

43 









-148.0 


44 









-145.0 


45 









-142.0 



46 









-139.0 



47 









-137.0 



48 









-135.0 



49 









-133.5 



50 









-131.5 



51 


r 

i 

t 

1 

t 

i 

r 

-129.5 



52 

-138.0 

-130.8 

20,000 

25.6 

-127.5 



53 

-130.5 

-123.3 

80.000 

25.2 

-165.0 



54 







1 


-160.0 



55 









-155.0 



56 









-150.0 



57 









-146.0 



58 









-143.0 
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Table 4. Teat cases of CW Interfering signal coincident with 
various telemetry subcarrier harmonics 
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Table 5. SSNR t vs P nn for CW interfering signal coincident 
with various telemetry subcarrler harmonics 
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